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It has been long time, but still continuous, for research and engineers to search
and study the process, structure and properties of polymer nanocomposites, mainly
because of their unique properties such as high strength-to-weight ratio. Many studies
have shown that the incorporation of nano-sized particles have effectively reinforced the
various properties of the polymers compared to that of the micron-sized particles
reinforcement at the same percentage of particle loading. However, the effects of nano-
sized particles depend strongly on the type, morphology, shape, size, amount, surface
characteristic and the distribution of the particles incorporated into the polymer matrix.
Therefore, it is essential to establish a polymer nanocomposite system that yields better
properties without compromising other unique means of the polymer.
In this project, a series of epoxy-alumina nanocomposites with different particle
shapes, sizes and surface chemistry were developed. This project was carried out in three
phases. In phase one, six different type of epoxy-alumina nanocomposites was
successfully synthesized using solvent assisted method. Characterization studies were
then carried out in phase two to determine the microstructure and mechanical properties
of the epoxy-alumina nanocomposites. The results revealed that alumina particles with
platelet shapes that were treated with acid surface modifier yielded the best overall
properties.
xPhase three of this project focused on micro-mechanical properties
characterization using nanoindentation technique. This was aimed at understanding the
mechanical properties of epoxy-alumina nanocomposites at localized micron to nano-
meter scales. Compared to conventional mechanical testing techniques, nanoindentation
technique provides measurements that allow the surface characterization on small
specimen in simple and non-destructive way. The mechanical properties at specific
location could be quantitatively correlated with the microstructure of the nanocomposites.
Nanoindentation tests were conducted with different strain-rates, indentation depths and
holding time durations. The result showed that nanoindentation technique is capable of
determining the time- and rate- dependent properties of epoxy-alumina nanocomposites.
A semi-empirical method based on elastic-viscoelastic-viscous model (EVEV) was used
to characterize the viscoelastic behavior of nanocomposites. The creep equation from
EVEV model is further used to derive the creep compliance of nanocomposites. Finally,
the creep compliance was used to study the stress relaxation modulus of the
nanocomposites. The results show that the creep compliance is useful in determining the
localized creep behavior and the time-dependent mechanical properties (i.e, elastic
modulus and hardness with time) of the material.
The characterization results in this project convincingly show that epoxy-alumina
nanocomposites can lead to simultaneous improvement in various mechanical properties.
The nanoindentation technique, in essence, indicates that this method can be applied to
study the hardness, elastic modulus and viscoelastic (time- and rate- dependent)
xi
properties of epoxy-alumina nanocomposites under quick and simple manner. These
findings will hence benefit both the plastic and characterization industry significantly.
xii
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i Poisson ratio of indenter
eh Actual contact displacement of polymer
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 Geometric constant of sample
fh Final displacement depth
n Power law exponent of unloding P-h curves
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1.0 Morphology (TEM), Dynamic-Mechanical (DMA),
Tensile testing, Fracture Toughness , Fractography
(FE-SEM)
4, 5, 6C2 2.5
C3 5.0
D
(40OSA-2) D1 Platelet 40
PTSA




Platelet 10 AMEO (5%)
1.0
Morphology (TEM), Dynamic-Mechanical (DMA),
Tensile testing, Fracture Toughness , Fractography
(FE-SEM)






Rod 10 AMEO (5%)
1.0
Morphology (TEM), Dynamic-Mechanical (DMA),
Tensile testing, Fracture Toughness , Fractography
(FE-SEM)
4, 5, 6F2 2.5
F3 5.0
 For the convenience of discussion, in the following chapters, the nanocomposite specimens will be named according to the systems showed in this table. e.g. A1
refers to the nanocomposites with 1 wt% of 40nm diameter platelet shape particles with PTSA surface modifier and F2 refers to the nanocomposites with 2.5 wt% of





Epoxy is a highly cross-linked thermosetting polymer with excellent chemical,
mechanical and thermal properties. Epoxy is also low in cost, easy to prepare and has
good adhesion to many materials’ surfaces. Therefore, it is widely used in different
application areas such as electronic devices, automotive, aerospace and construction
structures. However, one main drawback of epoxy material is the inherently brittle
property. The brittleness and low fracture toughness of the epoxy often cause catastrophic
failure and shorten its lifetime. Hence, in recent years, extensive studies have been
focused on epoxy materials to modify their mechanical and other properties.
A simple approach to improve the mechanical properties of epoxy material is by
adding a small amount of second phase soft particle, such as rubber particles into epoxy
matrix [1-3]. However, the achieved toughening effects always sacrifice other properties
such as increase in the viscosity, decrease in glass transition temperature and loss in the
modulus and hardness. Therefore, in recent years, another promising approach has
emerged by using rigid and hard particles such as silica, fiber, particulate fillers and clay
as the reinforced phases to form the polymer composite materials. These hard-phases
filled composite materials not only can toughen the epoxy material efficiently, but also
strengthen many properties such as the hardness, electrical and gas barrier properties
simultaneously without compromising other properties [4-10].
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1.2 Background of polymer nanocomposites
Over the past decades, the mechanical properties of polymer composites have been
extensively studied. However, in recent years more attention has been given to polymer
nanocomposites instead of conventional polymer composites. Many literatures reported
that there are many advantages of the polymer composites reinforced by nanometer-scale
filler compared to those conventional micrometer-scale filler. For example, by adding a
small amount of, such as 2-5 wt%, nano-sized fillers into polymer matrix, various
properties can be improved and magnified at the same time compared to that of micron-
size filler which requires at least 20 wt% [11]. This tremendous improvement was found
to be mainly related to the molecular interaction of the nanometer-scale filler as
compared to the physical reinforcement of using conventional micrometer-scale fillers.
Besides the molecular interaction effects of the nano-sized particle, these nanometer-
scale fillers also lead to an exceptionally large interfacial area in composites material.
The interface controls the degree of interaction between the filler and the polymer matrix
and thus controls the overall properties of the polymer nanocomposites.
Today, there are various types of nano phase reinforced polymer nanocomposites, for
example: nano-fiber reinforced nanocomposites usually use fibers with high strength and
elastic modulus to improve the mechanical properties of the soft polymer phase. They
produce a unique combination of properties that cannot be achieved by either of the
component alone. The arrangement or orientation, length and concentration of the fiber
have significant impacts on the overall mechanical properties of the fiber-reinforced
nanocomposites. In addition, the degree and direction of the applied load transmitted by
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fiber to the matrix phase will also influence the overall properties of the nanocomposites.
Examples of some widely studied nano-fiber fillers include glass fiber and carbon
nanotube (CNT).
Another type of commonly-used nano-fillers in polymer nanocomposites is plate-like
fillers (2-dimensional filler), such as layered silicates (nano-clay). In 1980s, the Toyota
researcher’s group discovered the unique properties of the composite when adding the
organophilic clay into polyamide-6 polymer matrix. Tremendous improvement in
mechanical properties and thermal resistance was achieved by just incorporating 4 wt%
of organoclay into polyamide-6 polymer [11]. At the same time, they also discovered that
the unique crystal structure of the layered silicates also gives good gas and water barrier
properties. However, not all layered silicates are beneficial in nanocomposites; the clay
filler needs to be highly exfoliated in the polymer matrix so that it can navigate the stress
transfer efficiently. Therefore, the processing of nano-clay is very crucial in determining
the final properties for the clay-polymer nanocomposites.
Compared with nano-fiber and nano-clay particles, equiaxed nanoparticles with 3-
Dimensional shape such as spherical and platelet shape are more common and popular
among the researchers in nanocomposites area. The equiaxed dimension nanoparticles
can be prepared more easily and the particles size distribution is more narrow and stable.
These nanoparticles can lend properties to the polymer that they cannot achieve alone or
with the traditional micron-level fillers. Examples of equiaxed nanoparticles are SiO2
(silica), TiO2, Al2O3 (alumina), CaCO3, SiC and so on. The superior properties achieved
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such as the mechanical, chemical, optical , electrical and thermal conductivity etc, depend
strongly on the size, shape and geometry of the fillers [12].
1.3 Research objective and significance
In this research, alumina nano-particles are chosen as filler to be added into the
epoxy-based polymer nanocomposites. This is because of the advantages of the simple
preparation procedures and high transparency properties of the epoxy-based
nanocomposites. Today, there are hundreds of publications on the effects of different
nanoparticles on polymer nanocomposites but the work on epoxy reinforcement with
nano-sized alumina filler is still limited. Although there are a few reports recently, most
of those mainly discussed the general mechanical behavior of the epoxy-alumina
nanocomposites [7,13-15]. The effects of shape, size and surface characteristics of
alumina fillers on the mechanical properties have yet to be explored in great details.
In this thesis, we also apply nanoindentation technique in characterizing the
mechanical and creep behavior of the nanocomposites. Nanoindentation is a localized
probe technique for measuring the mechanical properties of bulk material and thin film at
nano- to micron-scales. In general, the mechanical properties of the bulk polymer
nanocomposites can be determined through conventional mechanical testing methods,
such as tensile, bending and impact tests. However, the test sample preparation required
long and tedious procedure and often gives non-consistent results. This is mainly due to
human and machine error during sample preparation and testing procedures. Therefore
many samples are usually required to reduce the test data variation. Furthermore, these
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bulk properties obtained from conventional testing methods are usually not the same as
the properties at the polymer surface. On the other hand, during the nanoindentation
experiments, the measurement is completely through the direct contact of the indenter
with specimen surface. These measurements are fast and only need simple sample
preparation steps and the information obtained is directly on the scale of the nano to
micron meters.
Nanoindentation can offer a range of quantitative information on the mechanical
properties, including the elastic modulus, hardness and viscoelastic properties such as
time- and rate- dependant properties of a bulk or thin film material. Two most common
mechanical properties measured using nanoindentation techniques are the elastic
modulus, E, and hardness H. The elastic modulus and hardness for the material are not
determined directly from the measurement of the contact area but are derived from one
complete cycle of loading, hold and unloading test. The details of analysis will be
discussed in literature review of Chapter 2.
The main goal of this research was to synthesize the epoxy-based nanocomposite
reinforced with nano-sized alumina particles using solvent-assisted method and
characterize the micromechanical properties. The specific aims of the research are:
1. To develop better and simple processing procedures for epoxy-alumina
nanocomposites using solvent-assisted method;
2. To investigate the effects of alumina filler shape, size and surface modifier on
the overall dispersion properties of resulting nanocomposites;
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3. To investigate the effects of alumina filler shape, size and surface
characteristics on the mechanical properties of the resulting nanocomposites.
In addition, the fracture mechanism of the series of nanocomposites was also
examined; and
4. To investigate the localized, microscopic time- and rate- dependent behavior
including the creep compliance of epoxy-alumina nanocomposites using
nanoindentation technique.
Two different shapes of alumina fillers (i.e. platelet and rod shapes) ranging from
9nm to 40nm in diameter with pre-treated with two different modifiers are used to
prepare the nanocomposites. Three different alumina loading percentage (1, 2.5 and 5 wt
%) are prepared for each series of epoxy-alumina nanocomposites. The solvent assisted
method used in this study was developed by previous colleague at IMRE [16]. The
distribution of the nano particles in the nanocomposites is characterized with
transmission electron microscopy (TEM). The mechanical properties, fracture
characteristics, time- and rate- dependant properties of the nanocomposites are
investigated by tensile, three-point bending, fracture mechanics and nanoindentation tests
respectively. Finally, the fractography of nanocomposites are studied using field-
emission scanning electron microscopy (FESEM). These mechanisms are related to the
morphology and structure of the nanocomposites.
The results of this study are significant in providing alternative filler material for
polymer nanocomposites with better properties at lower cost. The preparation method and
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effect of filler shape, size and surface characteristic should shed light on the reinforcing
effects and help to design new composite materials with better mechanical properties. In
view of above mentioned content, this thesis is organized as follow: Chapter 2 is the
literature review covering the general concepts of nanocomposites, mechanical properties
and nanoindentations. Chapter 3 will describe the materials and the characterization
techniques used in this research. The results and discussions on morphology and
mechanical properties such as storage modulus, tensile properties and fracture toughness
will be summarized in Chapters 4, 5 and 6. Chapters 7 and 8 discuss the nanoindentation
study on the hardness, elastic modulus, and time- and rate- dependent properties of the
epoxy-alumina nanocomposites in sub-micron scales. Chapter 9 summarizes the results
of this work and suggestion for future research to further understand the structure-
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Chapter 2: Literature Review
2.1 Introduction
Many of the modern and advanced technologies (e.g., military, aerospace,
automobile, electronic devices and others) require material with superior properties that
cannot be met by individual material such as metal, alloys, ceramics, and polymer.
Hence, to enhance the various properties of material, a secondary phase is usually
introduced into the matrix material to form composite. There are various types of
composite material such as metal, polymer or ceramic as the matrix phases and fillers as
the reinforced phase. Among these composites, polymer-matrix composites are used in
the greatest diversity and in large quantities due to their easy processing, anti-corrosion,
low weight and cost. They are very popular among the various industry applications such
as electrical, semiconductor, automotive and aerospace. This is mainly due to the
composite material which shows a tremendous improvement in the properties such as
mechanical, chemical, electrical and coefficient of thermal expansion (CTE) as compared
to their original phase. However, in recent years more attention has been given to
polymer nanocomposites instead of conventional polymer composites. Several
investigations have shown that the addition of a small amount of nano-size particle can
considerably improve the mechanical properties of polymer composites [1-13]. This is
mainly because of the unique properties of the nano-particles which result in more
efficient enhancement effects. To summarize the previous findings which are relevant to
this thesis work, this chapter will focus on the literatures on polymer nanocomposites,
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epoxy-alumina nanocomposites, the mechanical properties of epoxy-alumina
nanocomposites and nanoindentation technique.
2.2 Development of polymer nanocomposites
Polymer nanocomposites are composite materials whereby the polymer matrix is
reinforced by the particles with at least one of the dimensions in the nanometer range. In
the past, the conventional polymer composites use fillers in micrometer-scale size as the
reinforced phase. It is found that at lower particle loading percentage, the composite
property is almost similar with the properties of the bulk polymer. Therefore, higher
percentage of filler loading is usually required to achieve significant improvements in
their properties. Particles such as soft rubber particle, silica particle and glass bead are
among the few common ones [14-17]. However, in recent years, more emphasis has been
given to polymer nanocomposites than the conventional polymer composites after the
breakthrough finding from Toyota researchers group in 1980s. In their study, Toyota
researcher’s group has demonstrated that by incorporating as low as 4 wt% of nano size
clay into polyamide-6 polymer, the tensile strength was improved to almost 55% and
Young’s modulus to 90% as compared to that of the original polyamide-6 polymer. This
tremendous improvement was found to be mainly related to the high surface area to
volume ratio of nano clay which offers much higher interface between nanofillers and the
polymer matrix [3].
Many studies have also shown that the nanometer-scale filler has more effective
reinforcement effects as compared to those conventional micrometer-scale filler polymer
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composites [6,18]. These effective reinforcement effects are found to be mainly related
to the high specific surface area of the nano-sized filler that creates a larger area of
interaction with polymer matrix which subsequently helps in transferring the external
load efficiently. For example, the number and the total exposed interface area of nano-
sized filler with neighboring matrix are almost 1000 times compared to that of the
conventional micron-sized filler [19-21]. Fig.2.1 shows the surface area per unit volume
of particle size (nm) that is ideally dispersed within a polymer matrix. It is obvious that
the surface area per unit volume increases dramatically with reduced particle size.
Therefore, it is expected that the nanocomposites are more efficient in enhancing the
properties as compared to those of the conventional micron-size filler composites. Fig.2.2
shows the inter-particle spacing for spherical particles that are ideally dispersed within
the matrix. It is also noticed that the inter-particle distance changes with particle size and
volume fraction. For example, the distance between the particles is reduced with
decreasing size and increasing volume fraction. Subsequently, the load and stress is
transferred from one to another in more efficient way. However, all this improvement
can only be made if the nanoparticles are dispersed homogeneously in the polymer
matrix. Singh and colleagues [22] reported that any nanoparticles’ aggregates in matrix
might influence significantly the overall mechanical properties of brittle polymer. This is
mainly because the agglomerated particles had become a damage initiation sites. As a
result, the fracture toughness of the polymer nanocomposites is decreased. Similar
findings were also reported whereby the mechanical properties of the nanocomposites
strongly depend on the nanoparticle dispersion [1,4,7,9,17,23,24]. Therefore, the
nanocomposites need to be properly processed in order to achieve desirable properties.
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Figure 2.1 Surface areas per unit volume of nano-sized spherical particles that are ideally
dispersed (Reproduced from [20]).
Figure 2.2 Inter-particle distance for nano-sized spherical particles that are ideally
dispersed (Reproduced from [20]).
2.2.1 Types of polymer nanocomposites
In general, polymer nanocomposites can be divided into four groups based on the
reinforced phase incorporated [25]. Fig.2.3 shows the TEM images of these four different
polymer nanocomposite systems. They are polymer-nanoparticles nanocomposites (zero
dimension), polymer-nanotubes/nanofibers nanocomposites (one dimension), polymer-
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nanoclays nanocomposites (two dimension) and polymer-POSS nanocomposites
(polyhedral oligomeric silsesquioxane) (three dimension). One can distinguish from these
four types of nanocomposites, depending on how many dimensions of the dispersed
particles are in the nanometer range. For example, particles such as silica, CaCO3 and
TiO2 belong to zero dimension type. The nanotubes/nanofiber, such as carbon nanotubes
(CNT), and cellulose whiskers, belong to one dimension reinforcement. The nanoclay,
such as the montmorillonite organoclays, hectorite layered silicates and so on, are usually
classified as two dimension reinforcements. The nanoclay is usually in the form of sheet
of one to a few nanometers in thickness and hundred to thousand nanometers in length.
Finally, nanocomposites that are characterized by three dimensions in the nanometer
range are polymer-POSS (polyhedral oligomeric silsesquioxane). It is worth noting that
each of these nano fillers will provide different reinforcement effects on the properties
such as mechanical, chemical properties, gas barrier, thermal expansion, ablation
resistance, thermal conductivity and many others. Therefore, it is very important to
understand the desired properties and applications of the polymer nanocomposites before
selecting the right reinforcement phase. Significant amount of work can be found in the
literature on the effects of addition of clay or CNTs on the mechanical properties of pure
epoxy resin systems. However, there has not been much work done on the effects of
adding alumina into epoxy on the mechanical properties of epoxy composite materials.
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Figure 2.3 High Resolution TEM showing four different types of polymer
nanocomposites (a) nanoparticles (Reproduced from [26]); (b) nanotubes (Reproduced
from [27]); (c) nanoclay (Reproduced from [28]); and (d) POSS (Reproduced from
[29]).
2.2.2 Processing methods of polymer nanocomposites
To achieve nanocomposites with superior properties, an optimum amount and
homogeneous dispersion of nanoparticles must be met concurrently. Without a proper
distribution of the nanoparticle, the unique property of nanocomposites is compromised
or even weakened [21,30]. Therefore, processing methods are one of the crucial concerns
in polymer nanocomposites. In this section, we will review some of the commonly-used
methods for preparing the nanocomposites. Generally, there are three ways of
incorporating nanofillers in polymer: i.e., in-situ polymerization, melt compounding and
solution mixing. For in-situ polymerization, the nanofillers are mixed with monomer
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followed by a polymerization which is started either thermally or chemically. The
polymerization then continues directly on the surface of nanofillers. In this method the
polymer macromolecules are directly grafted onto the nanofillers. This technique has
been commonly-used for insoluble and thermally unstable polymer which cannot be
processed by melting. On the other hand, melt compounding involves the melting of the
polymer before the nanofillers are incorporated. This method is suitable for polymers that
are insoluble in any solvent such as thermoplastic polymers. Therefore, melting of
polymer is needed to form a viscous liquid to facilitate the dispersion of nanofillers.
Finally, solution mixing is the most commonly-used method based on the mixing of
nanofillers and a polymer in a suitable solvent. In our study, the epoxy-alumina
nanocomposites is prepared using this method, whereby the nanoparticle is dispersed into
a solution to make a suspension before incorporated into the epoxy matrix. To date, this
method has been successful in preparing various types of polymer nanocomposites.
Previous study by Wang and colleagues has showed that this method is simple but
efficient in dispersing the alumina particle into epoxy matrix [23].
2.3 Epoxy-alumina nanocomposites
Epoxy resins are widely used in many areas such as household items, automobile
parts, electronic devices, adhesive materials, structural parts in avian industry and so on.
This is mainly because of its high mechanical, good adhesion, high chemical resistance
combined with light weight and ease of processing advantages. However, critical
problem arises when the soft epoxy resin is cross-linked with curing agent. They become
very brittle, low in fracture toughness and fast in crack propagation and these problems
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often limit their application. Therefore, in order to overcome these issues, nano-sized
organic/inorganic fillers are usually incorporated into the epoxy matrix to form the
epoxy-matrix composites. For example, the use of rubber particles in toughening the
epoxy resin has been proven to be one of the effective ways to improve the mechanical
properties of epoxy resin [14-15]. However, the presence of the rubber particles increases
the viscosity of the epoxy resin and reduces the modulus of the cured epoxy significantly.
Most recently, carbon nanotube (CNT) and clay (layered silicates) have been used as
reinforced phase in epoxy resin [3,9,31-33]. Many reports have shown that both CNT and
layered clay improved the tensile and fracture properties significantly. However, the
tensile strength was decreased when un-treated CNTs were used. Furthermore, the natural
color of the carbon nanotube has set the limitation in many applications that may require
high opacity. It was reported that by using a small amount of clay or layered silicates,
various mechanical properties of epoxy such as the tensile modulus, tensile strength and
fracture toughness were improved significantly [4,9]. Compared with other
nanocomposites, the preparation of layered silicates involves tedious and complicated
processing. The layered silicates need to be well exfoliated into the polymer matrix.
Otherwise, the delaminated silicates can lead to earlier failure of the sample.
Al2O3 (Aluminum oxide) or namely alumina is a common yet important ceramic
material in modern industry because it is inexpensive and possesses good mechanical and
optical properties. The orthorhombic dipyramidal crystal structure of alumina (Fig.2.4)
results in excellent stiffness and high optical properties. Compared with that of other
inorganic particles, the alumina particle can produce a nanocomposite with almost
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transparent properties which is almost impossible for many other inorganic particles [35].
Furthermore, the alumina particle is easily dispersed into polymer matrix as compared to
other nanoparticles such as nanoclay, nanotubes and fibers [7,10,19,23,24,34].
Figure 2.4 Crystal structure of orthorhombic dipyramidal class (Reproduced from [35]).
Today, extensive reports on polymer-matrix nanocomposites with various nano-
particle systems such as silica, glass beads, CNTs, CaCO3 and layered silicates can be
found from literature. However, the use of alumina particle in polymer nanocomposites is
still very new [36-38]. Zhao et al reported the mechanisms leading to the improvement of
the properties of epoxy by using nano-sized alumina but the factors that influence the
improvement were not considered [13] . Similarly, Wetzel et al reported the mechanical
properties of epoxy-alumina nanocomposites. However, the details of effects and
mechanisms of alumina filler on the mechanical properties were not discussed [10,24]. In
addition, Kozako and colleagues have successfully showed that the alumina
nanocomposite had high transparency similar to pure resin which could rarely be
achieved by many other nanocomposites systems [39]. The high transparency properties
of the nanocomposite make them useful for many applications that require high optical
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properties. Considering the potential applications of epoxy-alumina nanocomposites,
research on the effects of alumina fillers on the mechanical improvement is needed.
2.4 Properties of epoxy-alumina nanocomposites
2.4.1 Dispersion of epoxy-alumina nanocomposites
As mentioned in the preceding section, in order to achieve improvements on the
properties of the polymer nanocomposites, one of the most crucial requirements is to
attain good and homogeneous filler dispersion within the polymer matrix. The well-
dispersed nanoparticles not only can improve the properties such as elastic modulus,
tensile strength, hardness, fracture toughness of the nanocomposites, but they can also
maintain and improve the ductility of the nanocomposites. In the matrix, the
agglomerated particles show different mechanical behavior in comparison to the
individual dispersed nanoparticle. This agglomerated particle can form defect, void or
damage sites in the nanocomposite. In addition to the homogeneous dispersion of the
nano particles, a strong adhesion between the nanoparticle and polymer matrix is also
crucial to ensure that the external load or stress can be transferred efficiently in the
polymer matrix. However, in reality this is very difficult to achieve as nano sized fillers
such as layered silicates, carbon nanotubes (CNTs), alumina and CaCO3 filler have very
strong tendency to form agglomerations. This is mainly because of their natural internal
force such as hydrogen force, covalence force and van der Waals force [2,19,25,40].
These attraction forces usually manifest with decreasing size. The larger specific surface
area of the nano-sized particles offers more interaction area. Thus, nano-sized particles
have high tendency to form agglomerations than that of the micro-sized fillers.
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To overcome the particle agglomeration problems, many studies have been
conducted to control and modify the interaction of particles in polymer nanocomposites.
Some researchers suggested that the dispersion of nano-sized filler can be improved by
modification on the filler surface with reactive agent [2,11]. This filler’s surface pre-
treatment not only can alter the interface force between the filler and matrix but at the
same time also can improve the filler-matrix adhesion properties. For example, in recent
work by Zhao et al, stronger particle to matrix adhesion was observed for alumina
particle with surface treatment. Moreover, significant increases in fracture toughness
were observed when added 10 vol% of nano-sized alumina fillers coated with silane. The
fracture toughness was almost doubled as compared to those using alumina filler without
surface coating [13]. In addition to the chemical modification of the fillers, the
nanoparticle dispersion can also be improved by using the optimum processing method
and parameters. For example, Wetzel et al successfully dispersed the nano-sized fillers in
epoxy resin with the aid of high shear force mixing process [24]. During the high speed
mixing, the agglomerates were broken up in the epoxy/agglomerate mixture (Fig.2.5).
Thus, the nano-sized particles were able to disperse homogeneously in the polymer
matrix. Similar finding was reported by Chen et al where the γ–alumina particle was well 
dispersed in the epoxy matrix by high shear force mixing [34]. In their study, the γ–
alumina particle was dispersed into epoxy resin with the help of methyl ethyl ketone
(MEK) solvent. The γ–alumina particle/MEK mixture is then mixed with a high rotor 
speed mixer at 5000rpm for 15 minutes. Therefore, the dispersion of the nanofillers not
only can be controlled by adjusting the surface characteristic, the processing method can
also help in improving the distribution of the nano-sized particles. Although few studies
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have been focused on the use of alumina particle as reinforced phase for epoxy, there is
no study investigating the influence of various alumina shape and size on the dispersion
behavior.
Figure 2.5 Mechanical dispersion of nano-sized particle. 
2.4.2 Tensile properties
Generally, the Young’s modulus of the nano-sized filler used in the
nanocomposites is significantly higher than that of polymer matrix; therefore, the tensile
modulus of polymer resin can be easily increased by the addition of small amount of rigid
particles. For example, Kojima et al [3] successfully showed that by adding as low as
4wt% of nano-sized clay into nylon-6, the elastic modulus of the nylon-6 was increased
to by almost 90% (Fig.2.6). This dramatic increase in elastic modulus is as predicted
because the nano-clay that was used in the nanocomposites had a much higher stiffness
and modulus than that of polymer matrix. Therefore, the major load transfer is from the
matrix to filler, leading to the increase in tensile modulus.
 Courtesy of Sasol, the alumina particles’ donator for this project.
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Figure 2.6 Effect of clay content on tensile modulus, measured at room temperature, of
organo-modified montmorillonite/nylon-6-based nanocomposites obtained by melt
intercalation (reproduced from [3]).
There are many more publications on the reinforcement effects of various nano
fillers on different polymer properties, but there is less literature on the effect of alumina
particle on epoxy. Wetzel et al initiated the study on the mechanical and tribology
performances of epoxy composite containing alumina nanoparticles [10]. It was found
that the addition of alumina nanoparticles improved the stiffness and failure strain of
epoxy. This can be explained by the higher specific surface area of the nano-sized fillers
which creates larger interface interaction to polymer matrix. However, the tensile
properties of polymer nanocomposites strongly depend on the stress transfer between the
embedded filler and the matrix. Efficient stress transfer can only occur when the nano-
sized fillers are well bonded and distributed across the polymer matrix. For poorly
bonded system, the addition of fillers will cause reduction in tensile strength. Therefore,
the dispersion of the fillers within the polymer matrix will strongly affect the tensile
strength of polymer nanocomposites. In recent work by Zhao et al [13], the dependence
of Young’s modulus for epoxy-alumina nanocomposites at different alumina content was
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investigated. The tensile modulus of nanocomposite was increased to almost 15% for
both alumina particles with and without surface treatment. Several toughening
mechanisms such as crack pinning, crack deflection, debonding and plastic deformation
of the bonded matrix (plastic void growth) were reported for the improvement of tensile
properties. Similar finding was also reported later by others that the Young’s modulus for
epoxy polymer increased with the alumina particle content [7,34,41]. All these results
observation reveal that the alumina nanoparticles have effectively enhanced both the
stiffness and toughness of the epoxy resin. The presence of high surface area in alumina
particle would alter the local stress distribution surrounding the matrix. However, the
effect of the nano particle’s shape and size on the nanocomposites is rarely explored.
Therefore, the tensile properties of epoxy-alumina nanocomposites with different shapes
and size are worth investigating.
2.4.3 Fracture toughness properties
Generally speaking, rigid inorganic particles such as silica, alumina, TiO2, and
clay can effectively improve the toughness and modulus of the polymer materials. Some
investigation was conducted to study the effects of the reinforcement particle size and
particle loading percentage on the overall fracture toughness. Wetzel and colleagues [24]
discovered the significant toughening effect by adding the nano-sized alumina filler in
epoxy. At the filler content of 5 vol%, the fracture toughness increased by 60%, and with
10 vol% of filler, the improvement was further increased to 120%. The SEM
investigation showed that several toughening mechanisms, such as crack deflection, crack
pinning and plastic deformation of matrix, and debonding were present for the
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improvement in the fracture toughness. Furthermore, in the recent work by Zhao et al
[13], significant increases in fracture toughness were observed when 10 vol% of nano-
sized silane coated and uncoated alumina filler was added into epoxy resins. Several
toughening mechanisms, such as particle pull-out, spalling and tearing of matrix, crack
pinning, crack bridging and crack blunting were observed. The fracture toughness of the
nanocomposites with uncoated alumina particles as well as that coated with 3-
Glycidoxypropylmethoxysilane (GPS) was studied by Shukla et al [7], the fracture
toughness data were given in Fig.2.7. It was noticeable that addition of both coated and
uncoated platelet shape alumina improved the fracture toughness considerably. The
fracture toughness was increased by almost 158% with 10 vol% of uncoated alumina
particles. Meanwhile, the coated alumina particles showed almost 130% of improvement
with 10 vol% of filler. The fracture mechanisms included debonding of the particle from
matrix crack pinning, crack deflection, crack blunting and crack bridging [7]. However,
addition of nanoparticle does not always improve the fracture toughness of the materials;
many reports also indicated that nanocomposites could have a substantial increase of
modulus but at the same time, the fracture toughness was decreased. For example,
Harcup and Yee [42] reported that 4 wt % of delaminated clay significantly lowered the
fracture energy of the nylon-6-clay nanocomposites by at least 10 times as compared to
its neat counterpart. This reduction was mainly due to the brittleness of the nylon-6-clay
nanocomposites that constrain the plastic deformation mechanism. Despite the brittleness
of nanocomposites, the poor particles dispersion within the nanocomposites could also
lead to the reduction in fracture toughness. While the above studies have analyzed the
fracture toughness of polymer nanocomposites, no research has been carried out so far to
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study the effects on fracture toughness by alumina particle’s shape and size on epoxy
resin. Therefore, research in this area is required to further understand the details of
toughening mechanisms with different alumina nanoparticles shapes and sizes.
Figure 2.7 Variation of (a) elastic modulus (b) tensile strength (c) failure strain and (d)
toughness as a function of platelet volume fraction for coated and uncoated alumina
platelets (reproduced from [7]).
2.4.4 Storage modulus and glass transition temperature
Dynamic Mechanical Analyzer (DMA) measures the response of a given material
to an oscillatory deformation as a function of temperature. Temperature dependent
properties such as storage modulus (E’), corresponding to elastic deformation as a
function of temperature, the loss modulus (E”), corresponding to the plastic response as a
function of temperature; and tan δ, it is the ratio of (E’/E”) which indicates that the glass 
Chapter 2 Literature Review
26
transition temperature (Tg) of the materials can be obtained from the DMA experiment.
Wang et al reported that the storage modulus of the epoxy-nanoclay composite increased
with clay concentration. An increase of almost 31% in storage modulus was reported with
addition of 3 wt% of nanoclay [9]. However, the glass transition temperature (Tg) seemed
not to be influenced by the incorporation of the nanoclay. Similar finding was also
reported [23,43] that the storage modulus of epoxy nanocomposite with alumina, silica or
CNTs was increased with increasing filler content. These findings indicated that the
addition of the nano particles had enhanced the storage modulus of the nanocomposites.
On the other hand, the Tg defined by the temperature whereby the polymer materials
transit from a rigid and glassy state to a soft and rubbery state could either increase or
decrease with nanoparticles percentage loading. Many reports revealed that the changes
of Tg did not directly relate to the nano-filler loading. Instead, the Tg is believed to be
strongly correlated to the segmental motion of the polymer chain in the nanocomposites
[17,44]. For example, it is believed that the addition of nanoparticles has impeded the
polymer chain movement and therefore the mobility of the polymer chain is restricted,
leading to the increase in the Tg. Some researchers reported another mechanism whereby
the presence of the nanoparticles had embedded themselves between the polymer chains.
Thus, the polymer chain spacing and the free volume of the overall matrix was increased,
allowing the polymer to move and pass on one and another easily even at a lower
temperature. Finally, another possible reason was due to unreacted epoxy resin that cause
the polymer chain to stand off from one to another and therefore reducing the Tg of
polymer nanocomposites [28]. However, the actual mechanisms of how the nanoparticles
affect the Tg of polymer nanocomposites still need to be further studied.
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2.5 Nanoindentation
This PhD project is divided in three phases. Phase one of this work focuses on the
synthesis of the epoxy-alumina nanocomposites; and phase two is mainly on the
microstructure and mechanical properties characterization of the epoxy-alumina
nanocomposites. In phase three, the micro-mechanical properties of the epoxy-alumina
nanocomposites is characterized by using nanoindentation technique. Nanoindentation
technique is a Depth-Sensing Indentation (DSI) technique, in which the load, P and
displacement h, are monitored during contact and penetration of a sharp pyramid indenter
tip with the sample surface. Over the past decade, nanoindentation technique has emerged
as one of the most convenient and powerful techniques for characterizing the mechanical
properties of the materials at submicron scale such as thin film, polymer, nanocomposites
and ceramic material [2,3]. Compared to those conventional testing methods, where
direct imaging and dimension change during test are usually required to obtain the elastic
modulus, E, and hardness, H; these steps often result in more errors and require large
samples size which is not desirable for material that is limited in quantity due to
complicated fabrication process. The nanoindentation technique has several advantages
over the conventional mechanical testing methods: (1) the nanoindentation experiments
can be easily and automatically performed; (2) there is no specific and complicated
sample preparation required for the tests; (3) the experiment is almost non-destructive
and the samples can be repeatedly used; and (4) the raw data is presented in simple form
such as load and displacement depth. Therefore, by interpretation of the data, various
mechanical properties such as hardness, elastic modulus and creep behavior can be
obtained concurrently. Furthermore, the nanoindentation can also provide an
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understanding of the elastic and plastic deformation, time- and rate- dependent
deformation of the materials at the surface or sub-surface in a sub-micron scales. To note,
there are extensive publications on the application of nanoindentation in thin film,
polymer, ceramic, and many other materials. However, the use of nanoindentation in
characterizing the nanocomposite is still rare and almost none for epoxy-alumina
nanocomposites. Therefore, in order to understand the mechanical properties of epoxy-
alumina nanocomposites at sub-micron scale, the characterization using nanoindentation
is worth exploring.
2.5.1 Hardness
Hardness is defined as the resistance of material to the plastic deformation. It is
well known that the hardness of the polymer material is easily enhanced by adding a
small amount of hard and rigid filler such as inorganic and ceramic fillers. In this thesis,
the hardness of the epoxy-alumina nanocomposites is investigated by using the
nanoindentation technique with the continuous stiffness measurement (CSM) option.
The CSM technique offers a direct measure of dynamic contact stiffness during the
loading of an indentation test and, being insensitive to thermal drift an finally allows an
accurate observation of small volume deformation [45]. Some advantages of using CSM
technique are, CSM makes the continuous measurement of mechanical properties of
materials possible only on one experiment without the need for discrete unloading cycles,
a shorter experiment time that is at least three orders of magnitude smaller than that of the
conventional nanoindentation test. Furthermore, the measurements can be made at
exceedingly small penetration depths. Thus, this technique is ideal for mechanical
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property measurements of nanometer scale materials. Although there is significant
amount of work found in the literature on the nanoindentation studies of thin film and
polymeric material [46-55]. There has not been much work done on the study of the
hardness of epoxy-alumina nanocomposites using this technique. As such, the
nanoindentation hardness of epoxy-alumina nanocomposites is worth studying.
2.5.2 Viscoelastic properties (time- and rate-dependent properties)
Time- and rate-dependent, also known as viscoelastic properties is defined as the
progressive deformation of a material at constant stress at elevated temperature. It is
worth noting that, the viscoelastic deformation of polymer is somehow different from that
in metals whereby viscoelasticity of polymer is time- and rate- dependant at room
temperature [56], whereas for metal, such deformation mostly occurs at high temperature.
In this thesis, instead of the conventional creep test, the viscoelastic behavior of the
epoxy-alumina nanocomposites is studied using nanoindentation experiments. The
advantages of the nanoindentation technique over conventional tensile creep analysis are:
(i) the tests can be done in relatively short time; (ii) only small piece of sample is
required; and (iii) the sample is not destroyed and can be used repeatedly [47,60].
However, the analysis of the nanoindentation data is more complicated and certain
verification is needed (Section 2.5.4). In recent years, the study of time and rate-
dependent behavior using nanoindentation technique has received much attention. This is
mainly because of the ease of nanoindentation technique. There are few reports focused
on the nanoindentation creep behavior on various materials [57-58, 60]. Figure 2.8 show
the P-h curves by nanoindentation on fused silica, poly(methylmethacrylate) (PMMA)
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and polyurethane (PU) [48]. It was showed that the P-h curves of fused silica (ceramic)
changed slightly with loading and unloading times. Whereas, P-h curves of PU and
PMMA changed with loading and unloading condition, more obvious change was
observed on PMMA as compared to that of PU materials. Such results indicated that the
viscoelastic behavior of ceramic and polymer is significantly different. It is worth noting
that, thus far, no research has been carried out to study the viscoelastic properties of
epoxy-alumina nanocomposites. The effects of alumina particle on the viscoelastic
behavior properties of epoxy are certainly unknown. It is thus desirable to extend the
nanoindentation analysis to epoxy-alumina nanocomposites.
Figure 2.8 Effect of nanoindentation loading and unloading conditions on fused silica,
PMMA and PU materials (reproduced from [48]).
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2.5.3 Fundamental of nanoindentation
Generally, two most frequently measured mechanical properties using the
nanoindentation technique are hardness (H), and elastic modulus (E). Instead of direct
measurement of contact area, the hardness and elastic modulus are derived from the load-
displacement curves (P-h curve) as shown in Fig.2.9. There are several methods which
can be used to analyze the nanoindentation load-displacement curve. Generally speaking,
Doerner and Nix were the first to propose the method for analyzing hardness and elastic
modulus by interpreting the nanoindentation P-h curves [57].
Figure 2.9 Nanoindentation load vs displacement curves.
Their method was widely used in the earlier stage of the development of
nanoindentation techniques in 1980s. They have observed that during the initial stage of
unloading process, the load-displacement data always fall linearly within 1/3 of the
maximum load on different materials (Fig.2.9). Thus, the hardness and elastic modulus of
the material is calculated by fitting a straight line to the 1/3 of the unloading curve and
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extrapolating the linear line to the displacement axis. The slope of the linear fit gives the







where S is the unloading stiffness and A is the corresponding projected area of
indentation at the maximum indentation load. Er is defined as a reduced modulus and can
be determined as








E and υ are Young’s modulus and Poisson’s ratio for the specimen. Ei and υi are the
Young’s modulus and Poisson’s ratio for the indenter, respectively. For a perfect
Berkovich indenter, ignoring the pile-up or sink-in of the materials around the
indentation impression, the projected indentation area, A, can be written as:
25.24 ehA  (2.3)
where he is the actual contact displacement. Thus, the hardness can be calculated from its
normal definition by following equation
 Pile-up and sink in phenomenon is a problem associated with the material on the edges of the indent
during the indentation. The pile-up or sink-in event will affect the final load-displacement curves.




where Pmax is the maximum indentation load and A is the corresponding projected area of
the indentation impression at the maximum indentation loads. In above interpretation
method, if the shape of the indenter is accurately known, the contact area A can be
calculated from Eq.(2.3). Therefore, the elastic modulus and hardness of the material can
be determined easily using Eqs.(2.1) - (2.4).
Doerner and Nix’s method assumed that the unloading curve could be modeled as
a linear curve. In reality, it is observed that the unloading curves are not always falling
linearly all the way until zero loads. The slope of the unloading curve, i.e., the contact
stiffness and consequently, the contact area of the indenter, decreases continuously
during the unloading process. This is due to the elastic recovery outside and within the
indentation contact area which happens immediately and yet continuously as the indenter
is withdrawn from the maximum load. These problems have led to further development
and modification of the analysis method by Oliver and Pharr [47]. They revised the
method proposed by Doerner and Nix. The major difference between the two methods, is
that Oliver and Pharr’s method take into account the changing contact area during
unloading; the method also provides a more reasonable procedure for calculating the
depth that should be used for different indenter shape function to establish the contact
area at peak load. The unloading relationship between displacement depth, h and load, P
for certain geometries indenter tips (e.g., a flat-ended cylindrical punch, a paraboloid of
revolution and a cone) can be described by a power-law relation:
Chapter 2 Literature Review
34
 nfhhP  (2.5)
where  contains geometric constant, the elastic modulus and Poisson’s ratio of the
sample, also the elastic modulus and Poisson’s ratio of the indenter. hf is the final
displacement depth at which the indenter is last contact with the sample, and n is a power
law exponent that is related to the geometry of the indenter [58]. By applying Eq.(2.5) to
the unloading of the nanoindentation P-h curve, Oliver and Pharr proposed a more
comprehensive investigation on nanoindentation load-displacement curve by assuming
that:
1) The slope of the unloading curves changes constantly with displacement depth
due to a constant reduction of contact area between the indenter and samples.
2) The unloading curve can be fitted using the power law expression (Eq.(2.5)). The
stiffness S (derivative
dh
dP ), is the slope of the tangent line to the unloading curve





Oliver and Pharr have demonstrated that the hardness and elastic modulus of six
materials (fused silica, soda-lime glass, single crystal aluminum, tungsten, quartz and
sapphire) can be accurately computed from the indentation load-displacement curves with
high accuracy and precision. Today, this method has been widely used in calculating the
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hardness and elastic modulus of various materials including metals, ceramics and thin
films from nanoindentation measurements. However, the application of nanoindentation
technique on polymer is still new and challenging as compared to that on other materials
such as ceramics and metals. A number of known problems of nanoindentation
techniques on polymer have been summarized in VanLandingham’s review [59]. Firstly,
elastic modulus measured by nanoindentation technique is significantly higher than the
values measured using conventional tensile testing or dynamic mechanical analyzer
(DMA). In addition, the elastic modulus at the surface is higher than that measured from
the bulk. This problem is reported due the defects near the apex of the indenter. Another
problem related to nanoindentation technique on polymer is that, the initial point (h=0),
the initial penetration of the indenter into polymer sample could be relative to the
maximum indentation displacement, hmax, leading to a significant error in estimating the
contact area. It is well known that polymer material have high time- and rate-dependent
properties and often show substantial different behaviors under different contact and
loading conditions. Therefore, during the nanoindentation experiments, on the typical
loading-unloading cycle, a creeping effect known as “nose effect” is detected
immediately after the unloading segment begins (see Fig.2.10). This problem gives a
significant effect on determining the hardness and elastic modulus of the polymer sample.
The initial slope of the unloading curve, which is defined as the contact stiffness (Eq.2.6),
may become negative values using Oliver and Pharr’s method [47]. Figure 2.10 show the
loading-displacement curves for PMMA material under similar loading conditions. To
solve the “nose effect” problem on nanoindentation of polymer material, a holding
segment is usually introduced [53]. The introductions of a holding segment of 10 seconds
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allow relaxation of the PMMA material as compared to that of the one without holding
segment. This is because the indenter is hold at the peak load for certain period of time
for the polymer material to reach a mechanical equilibrium before the unloading segment
begins. This method was proven by Biscoe et al, where they have investigated the
hardness and elastic modulus of a series of polymers such as poly(methylmethacrylate)
(PMMA), polystyrene (PS), polycarbonate (PC) and ultra-high molecular weight
polyethylene (UHMWPE) by using the additional holding segment step in
nanoindentation experiments [54]. Their finding showed the creeping effect on above
polymeric systems was overcome. In the next section, we will review the details of
nanoindentation creep experiments and analysis on polymer material.
Figure 2.10 Load-displacement curves of PMMA with and without holding segment
under similar loading conditions. Nose effect was solved by introducing of a hold
segment (10 seconds) at peak load (reproduced from [54]).
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2.5.4 Nanoindentation creep of polymer
Compared with that of metal and ceramic material, the deformation of polymeric
material involves a viscoelastic response, i.e., a time- and rate- dependent response.
During nanoindentation test, the indenter tip is proceeding continuously on the polymeric
surfaces under the constant load. Thus, the analysis of nanoindentation of polymeric
material has to take into the account the viscoelastic response and time- and rate-
dependent properties. A commonly-used method for addressing the viscoelastic
properties of polymer during nanoindentation is to hold the indenter at the maximum load
for a period of time. Consequently, the time-displacement data can be recorded and used
for derivation of viscoelastic behavior of the material. A typical nanoindentation load-
displacement curves for polymeric material is shown in Fig.2.9. The nanoindentation
includes a constant loading rate segment (A-B), holding at maximum load (B-C), and
then unloading segment (C-D). To analyze the viscoelastic behavior of polymer
nanocomposites, only the holding and unloading segments are used. A generalized
Kelvin model (Appendix A) can be adopted to analyze the time-displacement relationship
during the holding segment [Eqs.(2.7) and (2.8)]. The details of derivation of Eqs.(2.7)
and (2.8) and curve fitting procedure has been discussed elsewhere and therefore will not
be included in this thesis [60].
    mtehehhh tttte   21 /2/1 11 (2.7)
where he, h1, h2, t1, t2 and m are fitting parameters which can be derived from a non-linear
curve fitting procedure, h is the total indentation displacement, t is the time, he is the
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nanoindentation displacement at time t=0, and m is the constant that is related to the
steady state of the secondary creep. The reciprocal of m is also related to the viscosity of
the material (1/µ0). Furthermore, creep compliance curve can be plotted to derive the
creep compliance constant. By definition, creep compliance is the inverse of elastic
modulus (1/E), and it can be expressed as:
    tJeJeJJtJ m
tttt
e 
 ]1[]1[)( 21 21 (2.8)
where J(t) is the creep compliance; Je= 1/E0 ; J1, J2 and Jm are parameters determined by
h1, h2 and m; and t is the time. The inverse of creep compliance can be used to derive the
changes of the properties with the time for the material by using Eq.(2.9):
)(1)( tJtE  (2.9)
Today, nanoindentation has been proposed as useful techniques for the
investigation of the time- and rate-dependent properties of materials [54,61-63]. The
advantages of using nanoindentation in characterizing viscosity of the polymer material
are: (1) a direct measure of viscoelastic properties such as the time- and rate- dependent,
creep compliance and the change of the properties with time can be done on the same
experiment without the need for discrete unloading cycles, (2) a shorter experiment time
that is at least three orders of magnitude shorter than that the of the conventional creep
testing, (3) the measurement can be made at exceedingly small penetration depths and
deformation at a very small volume can be detected. There are many reports published
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for these studies in polymer material. However, most of the studies were focused on bulk
nano-phase polymer materials such as PMMA, PC, Epoxy, thin film and polymeric film
on a hard substrate [60,64-66]. The nanoindentation on epoxy nanocomposites has not
been studied. Therefore, the information on viscoelastic properties of epoxy-alumina
nanocomposites and its application are worth to be explored.
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Chapter 3: Materials and Experiments
3.1 Introduction
This chapter presents the procedures to synthesize the epoxy-alumina
nanocomposites and characterization techniques used in this project. In this work, a series
of epoxy-alumina nanocomposites with different filler’s shapes, sizes and surface
modifiers were prepared via the solvent (Ethanol) assisted method. The morphology and
the various properties were characterized using techniques such as transmission electron
microscope (TEM), tensile test, fracture toughness test (pre-crack 3-point bend test) and
dynamic mechanical analysis (DMA). The fracture surfaces of the samples from the
fracture mechanics tests were investigated using field-emission scanning electron
microscope (FE-SEM). In addition, nanoindentation test was used to characterize the
hardness, elastic modulus and viscoelastic properties (e.g., time-, rate- dependent) of the
epoxy-alumina nanocomposites at sub-micron level.
3.2 Materials
3.2.1 Epoxy resin
Epoxy resin is DER332 (Dow Chemical Corp., USA.), it is a bisphenol-A
Diglycidyl ether (DGEBA) based epoxy with the chemical name of 2, 2–Bis [4-(2, 3-
epoxyproxy) phenyl] propane (Fig.3.1). This epoxy resin offers equivalent weight of 171
- 175, viscosity in the range of 4000 - 6000 mPa.s and specific gravity of 1.16 at 25°C
Chapter 3 Materials and Experiments
47
Figure 3.1 Chemical structures for DER332- Bisphhenol-A-Diglycidyl ether type epoxy
(DGEBA) used in this study.
3.2.2 Alumina particles (Al2O3)
High purity (99.9%) Boehmite alumina (Al2O3) in powder form (Sasol Company,
Germany) was used to prepare the epoxy-alumina nanocomposites. Since the major effort
of this research was to understand the effect of alumina particles’ shapes, sizes, and
surface characteristics on the mechanical properties of nanocomposites; six different
types of alumina particles (with respect to the different shapes, sizes and surface
modifiers) were used. The physical properties of the respective alumina particles are
summarized in Table 3.1. The alumina particles are categorized based on the shapes
(platelet or rod shape), modifier (AMEO or PTSA surface modifier), mean particle
diameter (9nm – 40nm), and specific surface area. The surface treatment was done at
manufacturer site; therefore, the alumina particles were used in pre-treated powder form.
Due to manufacturer trade secret, no details on the pre-treatment process are given and
therefore will not be discussed in this thesis.
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Table 3.1 Description of boehmite alumina particle systems used in this study.










40OSA (series A) Platelet PTSA (10%) 40 100
10OSA (series B) Platelet PTSA (10%) 10 180
9OSA Rod (series C) Rod PTSA (5%) 9 205
40OSA-2 (series D) Platelet PTSA (5%) 40 100
AMEO (series E) Platelet AMEO (5%) 10 180
AMEO Rod (series F) Rod AMEO (5%) 10 205
3.2.3 Curing agent
For epoxy curing, curing agent with commercial name Ethancure LC-100
(Abermarle Corp.) is used. Ethancure LC-100 is a mixture of two aromatic isomers
diethyltoluence diamine (DETDA), containing 75-81% 2,4 isomer and 18-20% 2, 6
isomer. They are often used in curing high performance epoxy resin systems. The
chemical structure of the LC-100 is shown in Fig.3.2.
3,5-diethyltoluene-2, 4-diamine;
3,5-diethyltoluene-2, 6-diamine
Figure 3.2 Chemical structures for amine based curing agent (LC-100) used for
nanocomposite synthesis.
 Brunauer, Emmett and Teller (BET) is an analysis technique for the measurement of the
specific surface area of a material.
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3.2.4 Surface modifier
The surface modifier is generally used to improve the dispersion and interfacial
bonding between the alumina and epoxy resin. In this study, the boehmite alumina
particles are pre-treated with one of the two types of surface modifier, namely, Para-
Toluenesulfonic Acid, C7H8O3S (PTSA) or 3-aminopropyltriethoxy silane, C9H23NO3Si
(AMEO). The chemical structure of Para-Toluenesulfonic Acid is shown in Fig.3.3.
PTSA is an acid based modifier used as stabilizer in this project whereby the boehmite
alumina can be easily dispersed in polar and medium polar hydrocarbons, like ethanol,
IPA, ethylene glycol etc.
Figure 3.3 Chemical structures for Para-Toluenesulfonic Acid, C7H8O3S (PTSA).
On the other hand, 3-aminopropyltriethoxy silane (AMEO) with chemical
formulation, C7H8O3Si; is a silane based modifier. Many literature reported that silane
based modifier is one of the most effective surface modifiers that can improve the
dispersion and interaction properties of particle surface in any medium such as epoxy
resin, PE, Ketone, etc with no disruption of mechanical properties [1, 2]. Fig.3.4 shows
the chemical structure of AMEO surface modifier.
Chapter 3 Materials and Experiments
50
Figure 3.4 Chemical structures for 3-aminopropyltriethoxy silane C7H8O3Si (AMEO).
The pre-treatment was conducted at supplier site (Sasol) before it was packed and
shipped to our laboratory. It should be mentioned that due to manufacturer trade secret,
the chemistry behavior of the PTSA and AMEO is not studied under this project.
However, the effects of surface modifiers on the dispersion and mechanical properties
will be investigated.
3.3 Preparation of epoxy-alumina nanocomposites
As it was discussed in Chapter 2, there are many techniques which can be used to
incorporate the nano-sized particles into the polymer matrix. However, in this study we
adopted the most commonly-used method based on the mixing of nano-sized filler and
the polymer in a suitable solvent. In the previous work by Wang et al [3], it was found
that the nano-sized alumina particles could be dispersed homogeneously with the aid of
ethanol solvent. Therefore, they have developed the preparation process via the ethanol
solvent. Following their work, the preparation procedures are summarized in Fig.3.5.
Firstly, the dried alumina powders were dispersed into 100ml of ethanol followed by
stirrer mixing for 60 minutes. The mixture was then placed into the water bath sonicater
for 30 minutes to break excessive aggregates. The alumina and ethanol mixture was
stirred continuously at room temperature for one night. To promote better wetting
between the neat epoxy resin (DER 332) and alumina-ethanol mixture, epoxy resin was
pre-heated at 80°C for 15-20 minutes in oven before adding into the alumina-ethanol
mixture. Then, the entire mixtures were mechanically mixed using a homogenizer at 15k
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rpm for 1 hour. After this, ethanol was removed from the epoxy-alumina mixture by
using vacuum rotary evaporator at 60°C for 30 minutes. The epoxy-alumina mixture is
further dried by placing it into the vacuum oven at 80°C for overnight. Lastly, the curing
agent Ethancure LC100 was added into the epoxy- alumina mixtures in a stoichiometric
ratio (DER 332: LC100 = 3.8:1). The epoxy-alumina and curing agent mixture were
stirred at 80°C under vacuum for at least 60 minutes until the solvent was evaporated.
Finally the epoxy- alumina mixture was poured on mold and cured at 100° for 2 hours
and post cured at 180°C for 5 hours. The cured epoxy alumina nanocomposites plates
were then cut into suitable sizes for various mechanical characterizations. Six different
types of epoxy-alumina nanocomposites with different particle’ shapes, sizes, surface
modifiers and particle loading are prepared in this project. The details of the each
specimen are summarized in Table of nanocomposite samples in page xxii for the
convenience of discussion in the following chapters.
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Figure 3.5 Preparation procedures of epoxy-alumina nanocomposites by solvent assisted
method.
3.4 Epoxy-alumina nanocomposites Characterization
The characterizations techniques used in this study include (i) Transmission
Electron Microscope (TEM); (ii) Dynamic-Mechanical Analysis (DMA); (iii) tensile
testing; (iv) fracture toughness testing (v) fracture surface observation by Field Emission
Scanning Electron Microscope (FE-SEM) and (vi) nanoindentation experiments. The
details of the characterization experiments are described in the following section:
Solvent Evaporation
(Rotary Evaporator )









Sample cured at 100oC, 2 hours
and followed by 180oC 5 hours
mixing followed by 30 mins sonicating and stirring
mixing for one night
with 15k rpm homogenizer for one hour
mixed for one hour at 80oC
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3.4.1 Transmission Electron Microscope (TEM)
Transmission Electron Microscope (TEM) has been proved to be a powerful
characterization tool for nanocomposites especially in the study of the particle
distribution. It allows a precise and sharp observation of nanostructure with excellent
resolution (approximate 0.2 nm). In this study, TEM is used to examine the
microstructure of the nanocomposites, including such as the distribution of alumina
fillers, alumina particle’s shapes and alumina agglomeration in the epoxy-alumina
nanocomposites. The TEM samples were prepared by cutting from the trimmed
nanocomposites surface using a diamond knife with Microtome machine (Leica Ultracut
UCT). The thin slices were then collected on 200 mesh copper grids for TEM
observation. A TEM operation with an accelerating voltage of 200kV (JOEL-2100) was
used to examine the microstructures of the epoxy-alumina nanocomposites.
3.4.2 Tensile testing
The tensile modulus and tensile strength of epoxy-alumina nanocomposites were
measured using the computer-controlled universal testing machine (Instron Model 5569)
at a displacement rate of 1.0 mm/min at room temperature. The tensile tests were
conducted following the ASTM standard requirements on tensile properties of plastic (D-
638). Samples were cut and further machined into dog-bone shape with the dimension of
60 mm (length) x 12 mm (width) x 3 mm (thickness) using a Ceast contour machine. The
final dimension of the dog-bone tensile bar is shown in Fig.3.6.
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Figure 3.6 Specimen dimension for tensile test following the ASTM D-638 standard.
For the tensile testing specimens, the width and length of the central part of each
specimen are controlled as below:
 Width of the neck (narrow section) = 3.18 mm ( ± 0.5 mm)
 Gauge length of the testing sample = 9.55 mm (± 0.5 mm )
 Radius of the fillet : 12.7 mm (± 0.5 mm )
For elastic modulus measurement, an attached video strain sensor was used to
continuously record the strain during the tensile testing. At least 5 samples of each
composition were tested. The elastic modulus was calculated by re-plotting the initial
linear portion of the stress-strain curve (strain range 0.5-1.0%), dividing the difference in
the stress by the corresponding strain.
3.4.3 Fracture toughness (KIC) testing
The mode I plane strain fracture toughness, KIC (critical stress intensity factor)
and the fracture energy GIC (Critical strain energy release rate) were measured using
single edge notched beam specimen (SENB) loaded in three-point bending experiments.
A square-edge-notched rectangular bar with dimension of 60 mm (length) x 12 mm
(width) x 6 mm (thickness) was prepared according to ASTM standard (D5045) to meet
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the plane strain condition requirements (Fig.3.7). A sharp notch was introduced by
tapping a hammer on a fresh razor blade directly on the pre-cut square notch.
Figure 3.7 Specimen dimension for 3-point bend test following ASTM standard D5045.
The SENB test was performed using a computer-controlled universal testing
machine (Instron Model 5569) at a crosshead speed of 1.0 mm/min at room temperature.







aSPYK IC  (3.1)
where P1 is the load at failure; S1 is the length of the span (50.0 mm ± 0.5 mm); a is the
pre-crack length of the sample, W is the width of the sample, B is the breath of the
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where E is the Young’s modulus and ν is the Poisson’s ratio, and the typical value for 
epoxy material is 0.35 [5].
3.4.4 Field Emission Scanning Electron Microscope (FESEM) of fracture surface
The toughening and fracture mechanism of the epoxy-alumina nanocomposites
was studied by investigating the fracture surface of the SENB specimen. A Field-
Emission Scanning Electron Microscope (SEM, JEOL-JSM-5600, Japan) was used to
capture the fine image of the fracture surface.
3.4.5 Dynamic Mechanical Analyzer Test (DMA)
The storage modulus and glass transition temperature (Tg) of epoxy-alumina
nanocomposites were measured using dynamic mechanical analyzer (DMA) (Model TA
2980, Perkim Elmer) with single cantilever clamp mode. The geometry of the specimen
is a rectangular bar with dimension of 35mm (length) x 10 mm (width) x 3 mm
(thickness). The specimens were scanned from temperature 30°C to 250°C at a heating
rate of 3°C/min and frequency of 1 Hz. The glass transition temperature Tg was taken to
be the peak value of the tan δ. 
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3.5 Nanoindentation
The nanoindentation tests were performed using Nano Indenter XP (MTS
Cooperation, Nano Instruments Innovation Center, TN, USA). A three-side pyramid
(Berkovich) diamond indenter (tip) with approximately tip radius of 50 to 100nm was
used for nanoindentation tests. The area function of the Berkovich tip used to calculate
the true contact area Ac from the contact depth hc, was determined using the standard
sample (fused silica) prior to the experiments. The epoxy-alumina nanocomposites
samples were cut into small pieces and molded into epoxy for nanoindentation test. The
sample surfaces were polished before the nanoindentation tests. This was to ensure that
the specimen surface was flat and even for reliable and repeatable results. Only two types
of epoxy-alumina nanocomposites with good dispersion and mechanical behavior were
selected for nanoindentation studies. The purpose of nanoindentation is to study the
micro-mechanical properties of the nanocomposites and correlate them with it’s
mechanical properties at macroscopic level. During the nanoindentation tests, at least 10
indents were made on each sample for each test, and each indent interval was set to be at
least 100µm in distance to avoid any interaction between the two indents.
3.5.1 Hardness and elastic modulus
The hardness and elastic modulus of epoxy-alumina nanocomposites were
determined from the Continuous Stiffness Measurement (CSM) method. In a CSM
technique, an oscillated force is imposed on the indenter tip while its displacement
motion is monitored. The phase and amplitude displacement response of the material is
then measured along the test. The contact stiffness, S and contact damping at every point
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along the loading curve can be calculated [6]. Subsequently, the elastic modulus, E and












where Pmax is the maximum load of the indentation, A is the contact area between the
indenter and material at maximum load, ν is the Poisson’s ratio of the material. It is noted 
that the area of the indentation is related to the depth of penetration. For a perfectly sharp
Berkovich tip, the contact area A can be calculated from contact depth he as [7]:
25.24 ehA  (3.6)
where A is the actual contact area of the indenter and material, and he is the actual contact
displacement. However, the real contact area function is used to calculate the contact area
in the analysis of the experimental data. The nanoindentation tests for hardness and
elastic modulus were conducted as follows: firstly, the Berkovich indenter tip was
approached until it touched the specimen’s surface. At this point, known as the loading
step, the displacement depth of the indenter on the sample surface was determined as
0nm. After that, load was applied with a constant strain rate of 0.05 s-1, until the indenter
was reached to the maximum depth of 5000 nm into the specimen’s surface and the load
was then held at this point for 60 seconds. Finally the indenter was gradually withdrawn
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from the surface at the same rate as the loading step. These tests were used to determine
the hardness and elastic modulus of the materials.
3.5.2 Effect of strain rates
During the study of strain rates effects, the forces are increased gradually at 4
different strain rates: 0.1s-1, 0.01s-1, 0.05s-1 and 0.005s-1 until it reached to the maximum
indentation depth of 5000 nm. It is noted that the total indentation depth in loading
segment is contributed by plastic and elastic deformation [8]. After that, the maximum
load was held for 60 seconds before the unloading segment. Finally the indenter was
gradually withdrawn from the sample surface until it reached 0mN again which is
represented as the unloading segments on the Fig.3.8.
Figure 3.8 Nanoindentation load-displacement curve.
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3.5.3 Effect of displacement depth
Another series of test was also carried out on the same sample; where the indenter
was programmed from zero nm until it approached four different maximum indentation
depths: 1000nm, 3000nm, and 5000nm and 10000nm at the fixed strain rate of 0.05s-1.
The purpose was to further investigate the variation of the properties as function of the
nanoindentation depth.
3.5.4 Effect of holding time
To study the effect of holding time on hardness and elastic modulus, indenter was
penetrated into the sample surface at a constant strain rate of 0.05s-1until the maximum
depth of 5000nm and held for 20s, 50s, 100s and 200s respectively.
3.5.5 Viscoelastic (creep) properties
The nanoindentation viscoelastic test was conducted based on the method
developed by Yang et al previously [9]. First, the Berkovich indenter was approached to
touch the specimen’s surface, and the load was then applied with a constant strain rate of
0.05/s from 0mN to 5mN and 10mN loads, respectively. The load was then held for a
long period of time (2000s) to ensure the specimen had undergone creep deformation and
finally the indenter tip was gradually withdrawn from the surface with unloading steps.
The details of procedure set up are summarized and plotted in Table 3.2 and Fig.3.9
respectively. Two unloading steps were applied to ensure that only elastic deformation
appeared during the first unloading (curves CD and DE in Fig.3.9). Due to the longer
time needed for these tests, three indents were made on each sample, and each indents
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interval were set to be at least 100µm to avoid any interaction between the two indents. It
was noted that the viscoelastic properties of the epoxy-alumina nanocomposites were not
determined directly from the displacement-time curves but through the analysis of P-h
curves using a semi-empirical model (generalized Kelvin model) and a non-linear fitting
equation. The details of generalized Kelvin model and fitting equation will be discussed
in Chapter 8. For this study, only two samples which are neat epoxy and 5wt% of 10nm
diameter alumina particle with PTSA (sample B3) was used.
Table 3.2 Nanoindentation experiment set up for viscoelastic behavior study.
Segment/Step Region Time (s) Rate (mN/s) Load (mN)
Loading A --> B 2 2.5 0 --> 5/10
Holding B --> C 2000 - 5/10
First Unloading C --> D 2 2.5 5/10 --> 0.005
Unloading Hold D --> E 4000 - 0.005
Second Unloading E --> F 0.0125 0.005 --> 0
Figure 3.9 Load-displacement profile used for viscoelastic properties study
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Chapter 4: Morphology and Thermal Mechanical Properties
4.1 Introduction
In this chapter, the microstructures and morphologies of the nanocomposites are
investigated using Transmission Electron Microscope (TEM). The dispersion behavior of
different types of alumina nanoparticles within the epoxy matrix will be discussed and
compared. The thermal properties including the storage modulus and glass transition
temperature (Tg) of the epoxy-alumina nanocomposites are also studied. To facilitate the
discussion, we will discuss the morphologies and thermal mechanical properties of the
epoxy-alumina nanocomposites based on types of surface modifier. The effects of surface
modifier on the morphology and thermal mechanical properties will be compared and
discussed.
Table 4.1 summarizes the alumina particle used in this project. Six different types
of particles with different shapes, sizes and surface modifiers are used. All the particles
are pre-treated with one of the two types of surface modifiers: Para-Toluenesulfonic acid
(PTSA) or 3-aminopropyltriethoxy silane (AMEO). Two different types of particle
shapes are studied in this project, i.e., platelet shape and rod like shape ranging from 9
nm to 40 nm in diameter (see Table 4.1). It is noted that the specific surface area (SSA)
of the particle strongly depends on the particle’s shapes and sizes. The SSA increases
with decreasing diameter, for example, SSA for 40 nm platelet particle is 100 nm2 and
 Specific surface area is a material property of solids which measures the total surface area per unit of
mass, solid or bulk volume, or cross-sectional area
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increases to 180 nm2 for 10 nm diameter. In addition, the SSA for rod shape particle is
higher than that of the platelet shape particle. The processing procedures are kept
controlled and standard [1]. The representative dispersion behavior of nanocomposites
system is discussed in section 4.2. Figure 4.1 shows the neat epoxy and the
nanocomposite samples prepared in this project. It is worth nothing that the
nanocomposite sample is having almost similar degree of transparency as that of the neat
epoxy.
Figure 4.1 Neat epoxy and nanocomposites samples prepared in this project. From left to
right: Neat Epoxy, 5wt% of 10nm platelet with PTSA modifier (sample B3), 5wt% of
40nm platelet with PTSA modifier (sample A3).
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Table 4.1 Description of boehmite alumina particle shape, modifier content, mean
diameter and specific surface area.









40OSA (series A) Platelet PTSA (10%) 40 100
10OSA (series B) Platelet PTSA (10%) 10 180
9OSA Rod (series C) Rod PTSA (5%) 9 205
40OSA-2 (series D) Platelet PTSA (5%) 40 100
AMEO (series E) Platelet AMEO (5%) 10 180
AMEO Rod (series F) Rod AMEO (5%) 10 205
4.2 Morphology and dispersion of epoxy-alumina nanocomposites
The morphology and dispersion behavior of the epoxy-alumina nanocomposites
are discussed in section 4.2.1 to 4.2.2. The respective nanocomposites are summarized in
the Table in Page xxii.
4.2.1 Morphology of epoxy-alumina nanocomposites with PTSA modified particles
Figs.4.2(a)-(c) show the TEM micrographs of the nanocompsite samples A1
(1wt% particles), A2 (2.5wt% particles), and A3 (5wt% particles), of the 40 nm platelet
shape with 10% PTSA surface modifier respectively. As can be seen, the dispersions of
the 40 nm platelet particles in the epoxy matrix are uniform. The results indicate that
even at higher weight percentage (5wt %), the 40 nm platelet shape particles with PTSA
surface modifier are still able to disperse homogeneously within the epoxy matrix. To
further investigate the dispersion performance of the alumina particle, higher
magnification of TEM is conducted on the sample A1, A2 and A3 and the results are
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further illustrated in Figs.4.3 (a)-(c). Alumina particles of platelet shape with diameter
ranging from 30-40 nm can be clearly seen on the high magnification TEM images and
most of the platelet particles are found un-stacked and remained individually in the epoxy
matrix. However, some small alumina clusters less than 100nm can also be seen under
the TEM images.
Chapter 4 Morphology and Thermal Mechanical Properties
67
Figure 4.2 Low magnification TEM of samples (a) A1; (b) A2; and (c) A3 respectively.
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Figure 4.3 High magnification TEM of samples: (a) A1; (b) A2; and (c) A3 respectively.
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Figs.4.4(a)-(c) are the TEM images of the nanocomposites with smaller platelet
particles (10 nm in diameter) with 10% PTSA surface modifier: B1 (1wt% particles), B2
(2.5wt% particles) and B3 (5wt % particles). Similar to the previous TEM result, the
particles are distributed quite well across the epoxy matrix. Higher magnification of TEM
is performed on the same samples and the results are further illustrated in Figs.4.5(a)-(c).
It is clear that the alumina particles are distributed homogeneously across the epoxy
matrix. However, compared with the previous TEM observation, the 10 nm platelet
particles tends to agglomerate and form small cluster of less than 100 nm in size. The
high agglomeration tendency of the nanoparticles can be explained by the strong van der
Waals force present on the alumina particle [2-4]. Nevertheless, it is well known that the
interfacial interaction increases with the specific surface area [5]. With the increase of
specific surface area values of the 10 nm platelet particles, the surface area of the particle
increases the tendency for agglomeration. It is therefore expected that the 10 nm platelet
particles tend to agglomerate as compared to that of 40 nm platelet particles. From the
TEM image, it is also noticed that the 10 nm platelet particles are not distinctly visible as
compared to that of the 40 nm platelet particles. However, we can estimate that the
particles are almost in the range of 10-20 nm with thinner shape as compared to that of
the 40 nm platelet particles.
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Figure 4.4 Low magnification TEM of samples: (a) B1; (b) B2; and (c) B3 respectively.
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Figure 4.5 High magnification TEM of samples: (a) B1; (b) B2; and (c) B3 respectively.
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Figs.4.6(a)-(c) show the TEM images of the nanocomposites with 9 nm rod-shape
particles nanocomposite with PTSA surface modifier: C1 (1wt% particles), C2 (2.5wt%
particles) and C3 (5wt% particles) respectively. Obviously, the dispersion of the rod-
shape particles within the epoxy matrix is not uniform comparing with that of the platelet
particles. It is found that the amount of the aggregation is dependent on the alumina
content. At higher alumina loading, more alumina cluster is found. By examining an
aggregate at higher magnification (Figs.4.7 (a)-(c)), it can be observed that the cluster of
alumina particle appears in rod/needle like bundle. The average size of the aggregates is
about 1-5 µm. To further compare the effect of the particle’s shapes on the dispersion
performance of the nanocomposites; the physical properties of the alumina particle are
reviewed (Table 4.1). Obviously, the specific surface area (SSA) values for platelet and
rod shape particles change with the particle’s shapes and sizes. The SSA values increase
with decreasing diameter. For example, 9 nm rod shape particles have the highest SSA
value of 205 nm2 followed by 10 nm platelet particles with 180 nm2 and 40 nm platelet
particles with 100 nm2. As discussed in the preceding section, alumina particles are
known to have a very high tendency to agglomerate due to the present of the van der
Waals force that surrounding the particles. It is therefore expected that the higher the
SSA, more area is exposed for van der Waals force interactions. The present results agree
well with the literature as the rod shapes particles with the highest SSA tended to
agglomerate compared to that of the platelet particles in epoxy matrix [5-8]. This
indicates that the particle shapes and perhaps the sizes have significant effects on the
dispersion of the alumina particles in epoxy resin.
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To further confirm the effects of the amount of surface modifier, sample D1 with
5 wt% of 40 nm diameter of platelet particles with 5% of PTSA modifier is also imaged
with TEM. Figs.4.8(a) and (b) show the TEM micrograph at high and low magnifications
of this sample respectively. Interestingly, the TEM images show that the dispersion of 40
nm platelet particles with 5% PTSA modifier is uniform and consistent with that of the
40 nm platelet particles with 10% PTSA modifier (Figs.4.2(c) and 4.3(c)). These results
suggest that the amount of PTSA surface modifier may not have significant effect on the
dispersion performance of the particles in the epoxy matrix. Hence, the difference in the
dispersion performance is mainly due to the specific surface area (SSA) of the particle
contributed by the shapes and sizes of the nano-sized alumina particles.
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Figure 4.6 Low magnification TEM of samples (a) C1; (b) C2; and (c) C3 respectively.
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Figure 4.7 High magnification TEM of samples (a) C1; (b) C2; and (c) C3 respectively.
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Figure 4.8 TEM of samples D1: (a) high and (b) low magnification.
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4.2.2 Morphology of epoxy-alumina nanocomposites with AMEO modified particles
Figs.4.9(a)-(c) represent the TEM images of the nanocomposites samples with 10
nm platelet particles with 5% of AMEO surface modifier: E1(1wt% particles), E2
(2.5wt% particles) and E3 (5wt% particles) respectively. It is clear from the images, the
dispersion state of platelet particles with AMEO modifier is less ideal as compared to that
of the previous platelet particles with PTSA modifier. It is also obvious that the amount
and size of alumina cluster/agglomeration has increased with the amount of the particle
percentage loading. At 1wt% of alumina loading, small alumina aggregation with
approximate size of 100nm can be found in sample E1 [Fig.4.9(a)]. Massive particle
agglomeration at about 500 nm size can be found in sample E3 [Fig.4.9(c)]. Under the
high TEM magnification [Figs.4.10(a)-(c)], the alumina particles are found either stacked
or attracted to each other randomly.
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Figure 4.9 Low magnification TEM of samples: (a) E1; (b) E2; and (c) E3 respectively.
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Figure 4.10 High magnification TEM of samples: (a) E1; (b) E2; and (c) E3 respectively.
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Figs.4.11(a) – (c) are the TEM images for nanocomposites samples with smaller
rod shape particles (10nm in diameter) with 5% AMEO surface modifier: F1 (1 wt%
particles), F2 (2.5wt% particles) and F3 (5wt% particles). Small particle agglomeration
is observed at low alumina content (i.e., 1wt %) and the particle agglomeration increases
with increasing alumina loading. Compared with that of 10 nm of platelet particles with
5% of AMEO surface modifier, poor particle dispersion with large aggregates of more
than 0.5µm is observed. This observation is expected as discussed in the previous section
on the effects of particle’s shapes and sizes to the dispersion behavior of the particles.
The result further confirms that the specific surface area (SSA) affects the distribution of
the particles in the epoxy matrix. From Table 4.1, the SSA for 10 nm of platelet shape
fillers is 180 nm2, while the SSA for 10 nm of rod shape fillers is 205 nm2. Therefore, the
rod shape particles have more surface area for particle-particle interaction. The alumina
particles are found attracted and form cluster under the higher TEM magnification
[Figs.4.12(a)-(c)]. For example, Fig.4.12(c) is the TEM images of an aggregate taken
under high magnification. It is observed that the particles are highly attracted and
agglomerated as bundles.
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Figure 4.11 Low magnification TEM of samples: (a) F1; (b) F2; and (c) F3 respectively.
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Figure 4.12 High magnification TEM of samples (a) F1; (b) F2; and (c) F3, respectively.
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From above results, we can conclude that the particle’s geometry (shape and size)
and surface modifier of the particles can significantly affect the dispersion performance
of the particles in the epoxy nanocomposites. The platelet particles can be dispersed in
more homogeneous way compared to that of the rod shape particles. This is mainly due to
the different specific surface area (SSA) of the different shape and size of the particles.
The high SSA of rod shape alumina promotes the interaction between the particles and
hence causes the particles to agglomerate easily. In addition, we also find that the type of
the surface modifier can affect the particle dispersion, for example, the PTSA surface
modifier seems to be better in dispersing the alumina particle compared to that of the
AMEO surface modifier. A possible explanation for such observation is that the PTSA
surface modifier has modified the surface hydrophobicity of the particles and therefore
becomes more compatible with the epoxy resin [9]. As a result, the particle
agglomeration is reduced as compared to that of alumina with AMEO surface modifier.
Some literatures also discussed the modification of the chemical interaction between the
particle and polymer [7,10-11]. It is worth noting that the PTSA and AMEO surface
modifier in this study is mainly to facilitate the distribution of the nano-sized alumina in
epoxy matrix. Therefore, the issue related to the chemical interaction due to different
surface modifier is not considered in this work. Furthermore, the amount of surface
modifier, at least for the case of PTSA, seems no significant effects on the surface
dispersion behavior of the particles.
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4.3 Thermal Properties of epoxy-alumina nanocomposites
The thermo–mechanical analysis is performed to understand the changes of the
mechanical properties of material with temperature. The thermo-mechanical analysis is
usually conducted by measuring the change of the sample dimension while it is subjected
to a range of temperature and stress. Such analysis is important in understanding the
material behavior at different temperatures to prevent catastrophe failure during
applications. In this work, the thermo-mechanical analysis for the nanocomposites
samples is carried out with Dynamic-mechanical Analyzer (DMA) by heating up the
nanocomposites samples from 30°C to 250° C with a heating rate of 3°C/min and
frequency of 1 Hz. In general, the DMA test is very sensitive to the physical and
chemical structure of polymer and nanocomposites. It means that the any change on the
segmental movement of the polymer chains with temperature (i.e., glass transition
temperature (Tg) and storage modulus) can be easily detected with the DMA tests [12]. In
this section, the effects of the particle’s shapes and sizes on the storage modulus and glass
transition temperature of the nanocomposites will be investigated. To compare the effects
of surface modifier on the thermo-mechanical properties, the results will be discussed
based on the types of the surface modifier.
4.3.1 Thermal Properties of epoxy-alumina nanocomposites with PTSA modified
particles
The DMA results of the epoxy and nanocomposites samples are summarized in Table
4.2. As can be seen, the storage modulus of nanocomposites at 100°C (glassy region) is
increased with addition of the particles with PTSA modifier for all nanocomposites.
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However, there is no obvious trend; for example, the storage modulus at 100oC of sample
A is increased ascending or descending with alumina loading percentage. Fig.4.13
presents the DMA curves of nanocomposites as a function of temperature. Fig.4.13(a)
illustrates the DMA curve of the samples A1, A2 and A3. The storage modulus at 100°C
is increased by 10% on sample A3 (1941 MPa) compared to that of the neat epoxy (1756
MPa). Fig.4.13(b) presents the DMA curve of the samples B1, B2 and B3. The storage
modulus is increased by almost 30% for sample B3 (2296 MPa) when compared to that
of neat epoxy (1756 MPa). In addition, the DMA result of nanocomposites with the same
surface modifier but with rod shape (samples C1, C2 and C3) is illustrated in Fig.4.13(c).
We observe a storage modulus increase by only 12% (1969 MPa) on sample C3
compared with that of neat epoxy. The improvement of the storage modulus may be due
to several possible reasons. First, the presence of rigid alumina particle with high surface
area has improved the storage modulus properties of epoxy [13-14]. Second, the presence
of PTSA surface modifier has altered the polymer cross-linking density, thus affecting
the segmental motion between the polymer chain and nanoparticles [15]. We will further
discuss these results in section 4.3.3.
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Temperature (tan δ) 
Tg
(°C)
Neat Epoxy 1756 170
PTSA 40nm platelet 1.0 wt % (A1) 2083 145
PTSA 40nm platelet 2.5 wt% (A2) 1880 131
PTSA 40nm platelet 5.0 wt % (A3) 1941 130
PTSA 10nm platelet 1.0 wt % (B1) 2132 146
PTSA 10nm platelet 2.5 wt% (B2) 1963 160
PTSA 10nm platelet 5.0 wt %(B3) 2296 151
PTSA 9nm rod 1.0 wt % (C1) 1863 188
PTSA 9nm rod 2.5 wt% (C2) 1878 189
PTSA 9nm rod 5.0 wt % (C3) 1969 186
AMEO 10nm platelet 1.0 wt % (E1) 1591 196
AMEO 10nm platelet 2.5 wt % (E2) 1668 196
AMEO 10nm platelet 5.0 wt % (E3) 1795 195
AMEO 10nm rod 1.0 wt % (F1) 1936 186
AMEO 10nm rod 2.5 wt % (F2) 1890 186
AMEO 10nm rod 5.0 wt % (F3) 1892 180
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(Fig.4.13 continued)
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Figure 4.13 DMA curves of samples (a) A1, A2 and A3; (b) B1, B2 and B3; and (c) C1,
C2 and C3 respectively.
4.3.2 Thermal Properties of epoxy-alumina nanocomposites with AMEO modified
particles
Figs.4.14 (a) and (b) show the DMA curves of the nanocomposites with AMEO
modified platelet (samples E1, E2 and E3) and rod shape (samples F1, F2 and F3)
particles respectively. As can be seen, the storage modulus at 100°C changes with
alumina loading, the storage modulus of the nanocomposites with AMEO modified rod
shape particles has increased by 10% from 1756 MPa (neat epoxy) to 1936 MPa (sample
F1). Meanwhile only 2% of increment is observed on sample E3 from 1756 MPa (neat
epoxy) to 1795 MPa (sample E3). It is noticed that the increment by the platelet particles
is very limited as compared to that of the rod shape alumina. Furthermore there is slight
decrease in storage modulus at lower alumina content (samples E1 and E2). It seems that
the stiffened effects of the particle with AMEO surface modifier on the epoxy matrix are
Chapter 4 Morphology and Thermal Mechanical Properties
89
stronger for rod shape compared to that of platelet shape, which is different from the
effects by the particles with PTSA surface modifier. A possible reason could be due to
the interaction of the silane chemical group with the epoxies group in the polymer matrix.
Furthermore, DMA is a test very sensitive to the physical and chemical structure of
polymer and composites [16]. It means thatany change on the segmental movements of
the polymer chain with temperature can lead to the changes of the storage modulus
values. Therefore, it is likely that the interaction between the polymer chain and particle
surface can affect the mobility of the polymer, hence the storage modulus.
(Fig.4.14 continued)
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Figure 4.14 DMA curves of samples (a) E1, E2 and E3; and (b) F1, F2 and F3
respectively.
4.3.3 Tan δ (glass transition temperature) of epoxy-alumina nanocomposites  
The glass transition temperatures of nanocomposites with the particles modified
by PTSA and AMEO modifier are illustrated in Fig.4.15(a)-(c) (Sample series A, series B
and series C) and Figs. 4.16(a)-(b) (Sample series E and series F) respectively. As can be
seen from these figures, the glass transition temperature of nanocomposites changes as
compared to that of neat epoxy, but there is no consistent trend observed. The Tg of the
nanocomposites with rod or platelet particles with AMEO surface modifier as well as rod
shape particles with PTSA surface modifier has increased by at least 10°C as compared to
that of neat epoxy (170 °C). The Tg of samples F1, F2 and F3 are 186°C, 186°C, 180°C
respectively and, the Tg of samples E1, E2 and E3 are 194°C, 189°C, 186°C respectively.
On the other hand, the Tg of samples C1, C2 and C3 are 188°C, 189°C, 185.84°C
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respectively. In general, ceramic particle such as alumina should not have direct relation
to the glass transition temperature of nanocomposites. Instead, the interface interaction
between the surface of the nano particles and the polymer chain influences the chain
kinetics of the nanocomposites [7,8,10,17-19]. Nevertheless, as the particle size is
reduced to nano-region, the volume fraction of the interactive region in the
nanocomposites increases. This effect is even magnified with the increasing interface
area of the polymer and nanofillers. Therefore, it is possible that increasing the interfacial
area can influence the polymer chain mobility and therefore change the Tg of the
composites.
(Fig.4.15 continued)
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Figure 4.15 Tan δ (Glass transition temperature) as a function of temperature of: (a) 
samples A1, A2 and A3; (b) samples B1, B2 and B3; and (c) samples C1, C2 and C3;
respectively.
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Figure 4.16 Tan δ (Glass transition temperature) as a function of temperature of: (a) 
samples E1, E2 and E3; and (b) samples F1, F2 and F3; respectively.
.
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It is noted that the Tg of the samples with platelet particle modified with PTSA
modifier is reduced from 170°C (neat epoxy) to lower value as compared to those of the
other samples, indicating that the alumina particle and the surface modifier have obvious
influences on the glass transition temperature of the nanocomposites. The Tg of the
samples with 40 nm and 10 nm platelet shape with PTSA surface has decreased by at
least 40°C as compared to that of neat epoxy (170 °C). The Tg of the samples A1, A2 and
A3 are 145°C, 131°C, 130°C respectively, and the Tg of the samples B1, B2 and B3 are
146°C, 160°C, and 151°C respectively. It has been mixed finding in the literature on Tg
of nanocomposites, some found that Tg of the nanocomposites increases as a function of
the filler loading, whereas others have observed the opposite. It is noted that the Tg of the
nanocomposites can change for a variety of reasons including chemical interaction of the
polymer chain, the mobility of the polymer chain, molecular weight, cross-linking
density, curing condition and amount of reaction residue such as plasticizer [3,14-15,20-
24] that present in the nanocomposites. However, in this work, since the processing steps,
ingredient and the curing conditions of the nanocomposites were kept the same at all
times. Therefore, we believe that the observed change in Tg should be mainly due to the
following possible reasons. First, the amine group (-NH2) of silane modifier (AMEO)
may have reacted with the epoxies group to form a strong chemical bonding and then
restricted the segmental movement of the polymer chain. Therefore, the Tg of the
nanocomposites with AMEO modified particles is increased compared to that of neat
epoxy and nanocomposites with PTSA modified particles. Another possible reason is the
bulky and giant side group of the silane surface modifier which has restrained the
polymer chain flexibility and leads to an increase in Tg [8,24]. However, not all nano-
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sized particles will increase the Tg of the nanocomposites. Wang et al reported that the
homogeneous filler distribution in the nanocomposites can act as plasticizer, the smaller
plasticizer embedded themselves between the polymer chain, hence increasing the
spacing and free volume that allowing polymer chain to slide and move easily, which will
result in lower Tg [3,18,25,26]. However, the actual effect of nanoparticles on the Tg of
nanocomposites is not fully understood. Extensive and precise polymer characterization
and chemical analysis need to be conducted in order to identify the actual mechanisms.
Lastly, from the Tg curve of all the nanocomposites [(Fig. 4.15 (a)-(c) and Fig.4.16 (a)-
(b)], noise signal can be observed at temperature >200oC. Several factors could contribute
for such observation: first, it may be due to the error from the instrument; second, the
vibration from the surrounding.At temperature of >200oC, polymer material will start to
softened, therefore, any movement or vibration from surrounding to the sample will give
noise to the peak. Nevertheless, this phenomenon only occurs at high temperature
whereby it no longer a concern to the Tg result.
Chapter 4 Morphology and Thermal Mechanical Properties
96
4.4 Summary
In this chapter, the dispersion behavior and the thermal mechanical properties of
six different nanocomposites with 10 nm to 40 nm diameter of platelet or rod shape
particles modified by either PTSA or AMEO surface modifier were investigated with
Transmission Electron Microscope (TEM) and Dynamic Mechanical Analyzer (DMA)
respectively. The TEM results show that the alumina particle can be dispersed well into
the epoxy resin by using the solvent-assisted process. Among the nanocomposites, a good
and homogeneous dispersion is observed on the nanocomposites with 10 nm and 40 nm
platelet particles with PTSA surface modifier. The majority of the platelet particles is
able to retain as individual one within the epoxy matrix. Compared to that of the platelet
particles, the dispersion state of rod shape particles is not as efficient as that of the
platelet one. An average of particle agglomeration of 100-500 nm can be observed under
the low magnification TEM images. The high magnification TEM images reveal that
most of the particles are bundle and stacked in the agglomeration. Furthermore, the
surface modifier seems to alter the dispersion performance of the particle efficiently. The
aggregates of rod shape particle are reduced for the particles with PTSA surface modifier
compared to that of the particle with AMEO surface modifier. The agglomerations of the
particle are found to be mainly due to the specific surface area (SSA) of the nano-sized
particle. The high SSA value of rod shape particles tends to agglomerate easily
compared to that of platelet particles. As a conclusion, the dispersion of the nano-sized
particles is strongly affected by the geometry (shape and size) of the particles.
Furthermore, the dispersion of the particle can be further improved by using suitable
surface modifier.
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The thermal-mechanical properties of the nanocomposites are studied and the
result shows that the storage modulus of the nanocomposites increases with the addition
of the nano-sized particles compared to that of the neat epoxy. It is also shown that the
storage modulus of the nanocomposites is influenced by the amount and types of
nanoparticles incorporated into the polymer matrix. For instance, at 100oC and 5wt% of
particle loading, approximately 30% and 10% improvements are observed on the sample
B3 and sample A3respectively and 12% of improvement is seen on the sample C3.
Meanwhile approximately 10% improvement is seen on the sample F3 and only 2% of
improvement is seen on the sample E3. The improvement is found related to the presence
of the rigid alumina particles in the epoxy matrix.
Lastly, the glass transition temperature is decreased by about 10-40°C for the
sample with platelet particles with PTSA surface modifier while it is increased by about
10-20°C for samples with rod shape particles with PTSA surface modifier as well as the
samples with rod or platelet shape with AMEO surface modifier. Few possible reasons
are proposed for the change in the Tg. First, the interaction between the surface modifiers
and polymer chain may cause the change of Tg. Secondly, the chemical structure of the
PTSA and AMEO could also alter the cross-linking density between the polymer chain of
the epoxy and alumina particles. Thirdly, the embedded particles may cause the change in
the free volume of the nanocomposites and therefore the Tg is lowered.
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Chapter 5: Mechanical Properties -Tensile
5.1 Introduction
Chapters 5 and 6 present the results of phase two of the project, the mechanical
properties characterization: including tensile strength, tensile modulus, and fracture
toughness of the various nanocomposites. In the Chapter 4, we have studied the
influences of the alumina particle’s shapes, sizes and surface modifiers on the dispersion
and thermal-mechanical properties of the nanocomposites. The results showed that the
dispersion of the particles and the thermal mechanical properties of the nanocomposites
were strongly dependent on the geometry and surface modifier of the particles. In this
chapter, the mechanical properties of the nanocomposites will be studied and then
correlated to the dispersion of the particles with different shapes and sizes. To compare
the stiffening effect of particles on the tensile modulus, rule of mixture such as Lewis-
Nielsen models, Einstein coefficient and Hashin-Shtrikman lower bound are used to
predict and compare with the experimental results of the tensile modulus.
5.2 Tensile Properties
5.2.1 Tensile modulus
The tensile modulus, strain at fracture and Ultimate Tensile Strength (UTS) of
nanocomposites are summarized in Table 5.1. The results show that the tensile modulus
increases with increasing particle’s content, indicating that the incorporation of the nano-
sized particle into epoxy resin has improved the tensile modulus of the nanocomposites.
In addition, the strain at failure (%) for the nanocomposites has increased from neat
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epoxy to nanocomposites in according sequence. On the other hand, there is no
significant improvement on the UTS, and this will be discussed in the later part of this
chapter. To compare the tensile properties of different epoxy-alumina nanocomposites,
the tensile modulus as a function of the particle loading will be presented in the next
paragraphs.












Neat Epoxy 2.47 ± 0.008 4-5 79.63 ± 1.62
PTSA 40nm platelet 1.0 wt % (A1) 2.79 ± 0.014 5-8.5 80.14 ± 1.97
PTSA 40nm platelet 2.5 wt% (A2) 2.90 ± 0.015 6-8 81.60 ± 1.33
PTSA 40nm platelet 5.0 wt % (A3) 3.06 ± 0.023 7-9 82.71 ± 0.66
PTSA 10nm platelet 1.0 wt % (B1) 2.81 ± 0.080 6-9 84.14 ± 1.31
PTSA 10nm platelet 2.5 wt % (B2) 2.86 ± 0.012 7-9 83.00 ± 1.06
PTSA 10nm platelet 5.0 wt % (B3) 3.11 ± 0.014 9-10 81.85 ± 2.45
PTSA 9nm rod 1.0 wt % (C1) 2.51 ± 0.011 6.5-10 75.32 ± 12.95
PTSA 9nm rod 2.5 wt % (C2) 2.55 ± 0.017 6-7.5 70.07 ± 11.78
PTSA 9nm rod 5.0 wt % (C3) 2.73 ± 0.017 4.5-8.5 79.55 ± 2.98
AMEO 10nm platelet 1.0 wt % (E1) 2.51 ± 0.040 3-6 63.12 ± 5.14
AMEO 10nm platelet 2.5 wt % (E2) 2.60 ± 0.060 3.5-6 62.65 ± 8.79
AMEO 10nm platelet 5.0 wt % (E3) 2.88 ± 0.210 3.5-9 73.25 ± 9.79
AMEO 10nm rod 1.0 wt % (F1) 2.49 ± 0.020 4-6 72.38 ± 4.46
AMEO 10nm rod 2.5 wt % (F2) 2.55 ± 0.060 6-8 75.03 ± 1.26
AMEO 10nm rod 5.0 wt% (F3) 2.86 ± 0.016 5-10 82.08 ± 2.84
Fig.5.1 illustrates the tensile modulus of the nanocomposites series A (Samples
A1 to A3). The tensile modulus of the nanocomposites increases with increasing particle
content. For example, the tensile modulus of sample A1 is increased by about 13% and
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almost 24% on sample A3 compared to that of neat epoxy. This observation is expected
as the Young’s modulus for alumina, E = 380 GPa; is much greater than that of the
epoxy, E = 2.47 GPa, thus the composite modulus can be easily enhanced with the rigid
alumina particles [1]. There are few models existing for the prediction of reinforcement
effect on mechanical properties in particulate filled composites system [2]. In this study,
models such as Lewis-Nielsen model, Einstein coefficient and Hashin-Shtrikman bound
are employed to predict the reinforced effects of the alumina particle on the
nanocomposites. The discussion on the prediction is presented in section 5.3 in this
chapter.
The tensile modulus of the nanocomposites series B is also shown in Fig.5.1
(samples B1 to B3). It is again clear that the tensile modulus is increased with the
particles loading. The tensile modulus of sample B3 is increased by almost 26%
compared to that of the neat epoxy sample (2.47 GPa). The improvement is again
correlated to the high modulus alumina particle that is added into the epoxy resin.
Furthermore, the dispersion homogeneity has manifested the improvement of the tensile
modulus efficiently. Tensile modulus values of nanocomposites series C are also
illustrated in Fig.5.1 (samples C1 to C3). It is also clear that the addition of rod shape
particle has enhanced the tensile modulus of the nanocomposites, but compared with that
of the samples series A and B, the tensile modulus enhancement effect is much lesser.
For instance, for sample C1, there is only less than 5% of improvement (2.55 GPa as
compared to 2.47 GP of neat epoxy). Even for sample C3 at 5wt% of particle loading, the
improvement in tensile modulus is only approximately 10% (2.73 GPa as compared to
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2.47GPa neat epoxy). It is significantly less than the improvement by platelet particles.
Nevertheless, it is worth noting that the improvement observed in this study is quite
significant compared to that of other types of nanocomposites systems as the amount of
particles used in this study is only up to 5wt% which is equivalent to 2 vol % only.
Figure 5.1 Tensile modulus as a function of alumina loading of 40nm platelet with PTSA
modifier (samples A1 to A3), 10nm platelet with PTSA modifier (samples B1 to B3) and
9nm rod with PTSA modifier (samples C1 to C3).
The tensile modulus of the nanocomposites series E and series F is shown in
Fig.5.2 (sample series E and F). Firstly, we observe that the tensile modulus of the
sample series E and F also increases with alumina content. However, the improvement is
lower as compared to that of the sample series A and B. The tensile modulus of the
samples E3 and F3 is increased by about 17% (2.88 GPa for sample E3 and 2.86 GPa for
sample F3 respectively). Nevertheless, the improvement is slightly higher when
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compared to that of sample series C, where only approximately of 10% (2.73 GPa) of
increment.
Figure 5.2 Tensile modulus as a function of the particle loading of 10nm platelet with
AMEO modifier (samples E1 to E3) and 10nm rod with AMEO modifier (sample F1 to
F3).
Several reasons can be attributed to the differences between the tensile modulus
of the different nanocomposites. It has been shown that the addition of small amount of
nano-size particle can considerably improve the mechanical properties of polymer
composites [3-7]. However, these effects are only effective when the nanoparticles are
dispersed homogeneously within the polymer phase [7,8]. Therefore, the low
improvement of tensile modulus in the samples series C, E and F (rod shape) can be
explained by the inhomogeneous particle dispersion in the nanocomposites matrix. Some
of the particles are agglomerated as clusters and thus leaving some epoxy matrix with not
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reinforced by the particles. Consequently, during the tensile test, the loads are not fully
transmitted by the alumina particle, leading to a lower improvement in tensile modulus.
Lastly, the modification of the particle surface may also affect the improvement of the
tensile modulus of the nanocomposites. For example, the particles with PTSA modifier
increased the tensile modulus more effectively as compared to that of the particles with
AMEO modifier. This observation correlates with the TEM findings from the preceding
chapter. In chapter 4, it was reported that the platelet particles with PTSA modifier are
easier to disperse within the resin with 1- 5 wt% of particle content as compared to that of
the particles with AMEO modifier. The platelet particle with PTSA can be dispersed
homogeneously with minimum to no agglomeration. Hence, the homogeneous
distribution of the platelet particles becomes more efficient in transmitting the external
load from matrix to particle than that of the rod shape [8-11].
5.3 Model for tensile modulus of epoxy-alumina nanocomposites
In general, the tensile modulus of a polymer nanocomposite is determined by the
Young’s modulus of the polymer matrix and reinforced phase, particle loading and aspect
ratio of the particle. It is therefore worthwhile to compare the tensile modulus results
from the experiments with the commonly-used models for the prediction of tensile
modulus of the composites. There are many models and equations to predict the elastic
properties of composites, such as parallel model, series model, Lewis-Nielsen model,
Halpin-Tsai model, Einstein equation, Guth equations, Kerner equations, Mooney
equation, and so on [12-15]. The brief descriptions of the each model have been
summarized by Fu et al before [2]. In this section, the Lewis-Nielsen model and Einstein
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coefficient have been considered and used to predict the elastic modulus of the
nanocomposites. Then, Hashin-Shtrikman lower bound is further derived to find out the
lower bound elastic modulus value of the nanocomposites [16].
In Halpin and Tsai’s model, the elastic modulus of composite material can be
calculated by using Eq.(5.1). This model assumes that the reinforced particle is aligned
with the loading direction. The elastic modulus of the composites (Ec) is given as a













where ηE and ξE are constant and shape factor that can be determined by Eq. (5.3). In this
model, Halpin and Tsai also suggested that the value of ξE is correlated with the geometry
and aspect ratio of the reinforcing phase. However, several important factors were
excluded from Halpin-Tsai model. Since the incorporation of filler has increases the
viscosity of the mixture, the theory of viscosity of suspensions should be considered in
this model [17]. Therefore, a semi-empirical model known as Lewis-Nielsen model












where E and  are two constants and can be determined by Eq.(5.3):















Comparing to Halpin-Tsai model, Lewis-Nielsen model takes into account of the
maximum volumetric packing fraction, Фm, which can be determined from the following
equation:
  / 2m m f1 1 V       (5.4)
where Ψ and Vf are the constant and volume of the fillers respectively. In this study, E
the constant which depends on the fillers’ aspect ratio, the maximum volumetric packing
factor Фm and Ψ can be treated as an adjustable parameter and the value can be found by
fitting the experimental data to Eq.(5.2).
An infinite value of E changes Eq.(5.2) to commonly-known as “rule-of-
mixture’, and E = 0 corresponds to the inversed “rule-of-mixture” [18,19]. However,
the “rule-of-mixture” or “inversed rule-of-mixture’ cannot fit the experimental data well,
especially for nanocomposites. In general, E can be interpreted as a measure of the
“reinforcing efficiency” of the composite material systems; therefore, it indicates the
extent to which the applied load is transmitted to the reinforcing phase [19]. In this work,
the value of E is found through the curve fitting of the experimentally-obtained tensile
modulus.  The values are, in average, 2 ≤ E ≤ 5 for the composites with rod shape
particles and E  10 for the composites with platelet shape particles respectively. These
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results show that the platelet shape particles are more effective in transmitting the elastic
stress from bulk matrix to fillers.
The E value from Lewis-Nielsen equation can be related to the aspect ratio of the
filler through the Einstein coefficient, kE, as below [14, 15]:
E Ek 1   (5.5)
From the Einstein coefficient, a good approximation of fillers’ aspect ratio can be
determined for different Poisson’s ratio values (Fig.5.3) [14, 19].
Figure 5.3 Einstein coefficient as a function of the length/diameter ratio particulate
composites(Reproduced from [19]).
Finally, Table 5.2 summarizes the E value for the Young’s modulus from Lewis-
Nielson Model, the Einstein coefficient kE for ν = 0.35 (assuming to be the Poisson’s
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ratio value for epoxy polymer composites) [14] and ν = 0.50 (theoretical value) [14], and
the predicted effective fillers’ aspect ratios for rod and platelet particles. It is noticed that
the nanocomposites with platelet shape particles have higher aspect ratio than that of the
nanocomposites with rod shape particles. For platelet shape filler, the calculated Einstein
coefficient (ν = 0.35) is larger than 15 while for rod shape particles, the calculated
Einstein coefficient (ν = 0.35) is less than 5. The predicted particle’s aspect ratio
(length/diameter) using Einstein coefficient for platelet shape filler is at least 2 times
larger than that of the rod shape particles (Table 5.2). The prediction results are plotted in
Fig.5.4 together with the tensile modulus results (Table 5.1, the standard deviation is
ignored for the clear view of Fig.5.4).
Table 5.2 The E value for Young's Modulus predicted using Lewis-Nielson Model, the
Einstein coefficient kE for ν = 0.35 and ν = 0.50, and predicted effective particle aspect



















Sample series A 14.63 15.63 13.55 > 15
Sample series B 14.76 15.76 13.66 > 15
Sample series C 1.89 2.89 2.51 < 5
Sample series E 11.71 12.71 11.02 > 15
Sample series F 2.89 3.89 3.37 < 5
These results show that Lewis-Nielsen model and Einstein coefficient give a
reasonable prediction and estimation for the properties of epoxy-alumina
nanocomposites, where the elastic modulus values of epoxy-alumina nanocomposites
depend strongly on the particle geometries and sizes. Platelet shape particles (sample
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series A, B and E) are more efficient in increasing the tensile modulus as compared to rod
shape particles (sample series C and F).
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where K is the bulk modulus and G is the shear modulus, and the subscripts c, m, and f
represent composite, matrix and filler, respectively, Vf and Vm are the volume fractions of














The Hashin-Shtrikman bound is a power-tool to predict the mechanical behavior
of heterogeneous materials [16, 20]. It is the most traditional approach of studying the
optimal bound for multiphase reinforced composites. In this study, it is found that the
experimental results are all above the predicted Hashin-Shtrikman lower bound for elastic
modulus, in addition, it is also found that the elastic modulus of the composites with rod
shape particles is just slightly above the lower bound at the volume fraction of the
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particles below 1 vol%, whereas the elastic modulus of the composite with the platelet-
shape particles is significantly higher than the lower-bound predicted values even with
0.25 vol% of particles. These results further confirm that the platelet particles are more
effective for the increment of the elastic modulus values of the composites. It also needs
to be noticed that, in this study, the volume fraction of the alumina particles is actually
quite lower, 5 wt% only corresponding to 2.0 vol%, even with 1 wt% (equivalent to 0.25
vol%) of platelet particles, the elastic modulus of the composites increases from ~
2.470.08 GPa to ~ 2.790.14 GPa.
Figure 5.4 Young’s modulus vs particle loading (vol %) for epoxy-alumina
nanocomposites; also including the prediction of the Young’s modulus from Lewis-
Nielsen model with different E values for the nanocomposites with platelet and rod
particles (sample series A to C and E to F).
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5.4 Ultimate Tensile Strength
The Ultimate Tensile Strength (UTS) result of the nanocomposites is also
summarized in Table 5.1. It is observed that UTS of nanocomposite increased as
compared to that of the neat epoxy. However, the results are found fall in large variation.
Such observation is common for tensile testing studies as the tensile testing specimens
usually failed earlier before it reaches to the maximum tensile strengths [21-23]. Fig.5.5
shows several FESEM images taken from the fracture surfaces of tensile specimens. It is
clearly seen that the initiation of the breaking point is emanated from the defect site.
These defect sites could be the particle clusters, trapped bubbles during sample
preparation, dust, etc [22]. Furthermore, the non-homogeneous distribution of rod-shape
particles may have acted as failure initiation point resultant tensile strength which could
not be determined as well. Further work needs to be included to ensure flawless samples
for future study.
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Figure 5.5 FESEM of fracture surfaces of tensile specimens.
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5.5 Summary
In this chapter, the tensile modulus and tensile strength of the nanocomposites
have been investigated using tensile testing experiments. The result indicates that the
elastic modulus and tensile strength of the nanocomposites increased with increase in
particle loading percentage. Particles with platelet shape with PTSA modifier (10 nm and
40nm) showed the highest tensile modulus followed by 10 nm platelet particles with
AMEO modifier, 10 nm rod particles with AMEO modifier and 9nm rod particles with
PTSA modifier. The platelet shape particles with PTSA modifier are better in enhancing
the elastic modulus of the nanocomposites as compared to that of other nanocomposites.
The tensile modulus values are compared with the prediction models such as
Lewis-Nielsen model, Einstein coefficient and the Hashin-Shtrikman bound model. The
prediction models agree well with the experimental result where the platelet particles are
more effective for the increment of the elastic modulus values of the nanocomposites. In
addition, it is also found that the elastic modulus of the composites with rod shape
particles is just slightly above the lower bound of the Hashin-Shtrikman model at the
volume fraction of the particles below 1 vol%, whereas the elastic modulus of the
composite with the platelet-shape particles is significantly higher than the lower-bound
predicted values even with 0.25 vol% (equivalent with 1wt%) of particles. Therefore, we
conclude that the geometry (specifc surface area) of the particle could influence the
dispersion behavior of the particle and therefore influence the tensile properties.
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Chapter 6: Mechanical Properties - Fracture Toughness
6.1 Introduction
This chapter continues the discussion on mechanical properties of epoxy-alumina
nanocomposites: measurement of fracture toughness and toughening mechanisms. In this
chapter, the toughening mechanisms of epoxy with three different particles loadings, i.e.,
1wt%, 2.5wt% and 5wt%, are investigated and the fracture toughness values of the
nanocomposites are determined using single edge notch specimens in 3-point bending
mechanical testing. To further investigate the deformation mechanisms and the
toughening effects of the particles, FESEM (Field-Emission Scanning Electron
Microscope) is used to examine the fracture surface of the nanocomposites.
6.2 Fracture toughness, KIC
Table 6.1 summarizes the mode I plane strain fracture toughness values (KIC) of
epoxy-alumina nanocomposites. From the results, it can be seen that the overall fracture
toughness of nanocomposites is higher than that of the neat epoxy. The fracture
toughness increases nearly linear with particle loading and achieves a final improvement
by at least ~ 21%: 0.75 MPa.m1/2 for sample A3 and 55%: 0.96 MPa.m1/2 for sample B3.
Fig.6.1 shows the fracture toughness as a function of the particle loading for the
nanocomposites. These results have been verified to be valid KIC values according to the
ASTM standard. Comparing the KIC results of the nanocomposites with different
particles, several findings can be concluded: (i) in general, the fracture toughness of the
nanocomposites increases with addition of the particles, but the trends are different for
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the different particle used; (ii) at low percentage loading of the particles (such as particle
loading of 1 or 2.5 wt%), there is no significant increment of the fracture toughness
except for sample C1, C2, C3 and sample E1, E2, E3; (iii) sample series C (with 9 nm rod
shape particles) shows initial increase in the fracture toughness even with 1wt% of
particle loading, but further increase in the particles brings essentially no improvement in
the fracture toughness; (iv) the fracture toughness of sample series B and sample series E
show continuous increasing with the particle loading; and (v) the sample series A (with
40 nm platelet particles) shows essentially no significant improvement in fracture
toughness up to 5wt% of particle loading. At 5 wt% of particle percentage loading, the
fracture toughness values of the nanocomposites are in the order of the samples with 10
nm platelet particle with AMEO modifier (sample E3) > 10 nm rod particle with AMEO
modifier (sample F3) > 10 nm platelet particle with PTSA modifier (sample B3) > 9 nm
rod particle with PTSA modifier (sample C3) > 40 nm platelet particles with PTSA
modifier (sample A3); it is noticed that this order is different from that of the increase of
the tensile modulus values (section 6.1).
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Figure 6.1 Fracture toughness (KIC) as a function of alumina loading of epoxy-alumina
nanocomposites: Sample series A (40nm platelet with PTSA), Sample series B (10nm
platelet with PTSA), Sample series C (9nm rod with PTSA), Sample series E (10nm
platelet with AMEO), Sample series F (10nm rod with AMEO).
Chapter 6 Mechanical Properties -Fracture Toughness
121
Table 6.1 Fracture toughness KIC (MPa.m1/2) and Normalized Critical Strain Energy









Neat Epoxy 0.62 ± 0.09 1.00
PTSA 40nm platelet 1.0 wt % (A1) 0.71 ± 0.06 1.15
PTSA 40nm platelet 2.5 wt% (A2) 0.72 ± 0.06 1.18
PTSA 40nm platelet 5.0 wt % (A3) 0.75 ± 0.13 1.19
PTSA 10 nm platelet 1.0 wt % (B1) 0.68 ± 0.01 1.15
PTSA 10 nm platelet 2.5 wt % (B2) 0.80 ± 0.11 1.44
PTSA 10 nm platelet 5.0 wt % (B3) 0.96 ± 0.07 1.88
PTSA 9 nm rod 1.0 wt % (C1) 0.78 ± 0.04 1.54
PTSA 9 nm rod 2.5 wt % (C2) 0.83 ± 0.05 1.71
PTSA 9 nm rod 5.0 wt % (C3) 0.85 ± 0.12 1.84
AMEO 10 nm platelet 1.0 wt % (E1) 0.79 ± 0.13 1.61
AMEO 10 nm platelet 2.5 wt % (E2) 0.83 ± 0.11 1.68
AMEO 10 nm platelet 5.0 wt % (E3) 0.94 ± 0.17 2.01
AMEO 10 nm rod 1.0 wt % (F1) 0.64 ± 0.08 1.27
AMEO 10 nm rod 2.5 wt % (F2) 0.80 ± 0.06 1.60
AMEO 10 nm rod 5.0 wt% (F3) 0.87± 0.10 1.71
Since the tensile modulus values for epoxy-alumina nanocomposite are also
increased with the particle loading, KIC may not show a complete picture as the main
comparison for fracture behavior. Therefore, we use the critical energy release rate, GIC
which is defined as the rate of energy released by the crack growth as a basics of
comparison of the fracture behavior of the nanocomposites. It is noted that GIC is related
to KIC [1] as below:







The above relationship works only for plane stress condition and the true GIC
value in plane strain condition for our system can be obtained by multiplying )1( 2 .
Since is the Poisson’s ratio of polymer material and the change of  is negligible for
epoxy nanocomposites as these were not measured. In addition, the multiplication factor
cannot change the results obtained from in any significant way. Therefore, the normalized
  cEE  21/  is used to calculate the GIC in Eq.(6.2), whereas cE is the elastic modulus







The normalized GIC values are compared by normalizing the GIC values of the
nanocomposites with the GIC value of the neat epoxy. The normalized GIC as a function
of the particle loading is plotted and compared in Fig.6.2 (by ignoring the standard
deviation for clear viewing). As can be seen, the overall normalized GIC of
nanocomposites (sample series A-C, and E-F) is higher than neat epoxy. The normalized
GIC for the nanocomposites with the particles modified with PTSA modifier such as
sample A3, B3 and C3 are increased by at least 20%, 88% and 84% respectively (from
1.00 for neat epoxy to 1.19 for sample A3, 1.88 for sample B3 and 1.84 for sample C3
respectively). The normalized GIC for nanocomposites with the particles modified with
AMEO modifier such as sample E3 and F3 are increased by almost 100% and 70% (from
1.00 for neat epoxy to 2.09 for sample E3 and 1.71 for sample F3 respectively).
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Figure 6.2 Normalized critical strain energy release rate (GIC) as a function of alumina
loading of epoxy-alumina nanocomposites: Sample series A (40nm platelet with PTSA),
Sample series B (10nm platelet with PTSA), Sample series C (9nm rod with PTSA),
Sample series E (10nm platelet with AMEO), Sample series F (10nm rod with AMEO).
The toughening of epoxy polymer by alumina particles has been studied by
several researchers [3-5]. Generally, GIC represents the energy that is required for crack
propagate per unit area. Therefore, the increase of GIC has obviously indicated that the
crack resistance has been improved for nanocomposites. From our result, it is noticed that
the normalized G1C values for the nanocomposites show similar trends as the fracture
toughness but with more obvious at different percentage of particle loading. The highest
G1C values were observed on the sample E3 followed by sample B3 and sample C3, then
followed by sample F3 and lowest on sample A3. These results suggest that the
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nanocomposites with AMEO modifier are more efficient in toughening the epoxy
compared to that of PTSA modifier.
6.3 Fracture surface investigations by FESEM
In order to study the details of the possible toughening mechanism of the
nanocomposites, the fracture surfaces of the samples are examined by using FESEM.
Analysis of the fracture surface was performed on process zone as shown in Fig.6.3. By
examining the process zone region, the major fracture characteristic can be clearly
indentified under the FESEM images [6,7]. The process zone of the fracture surface is
referred to the areas where the crack tip of the pre-crack starts propagations; these areas
mainly consist of the major deformation during the crack events.
Figure 6.3 Process zone for fracture surface morphology investigations.
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Fig.6.4 shows the FESEM images of the fracture surface of neat epoxy. The
direction of crack propagation is indicated as an arrow in the figure. The fracture surface
of the neat epoxy exhibits a smooth and featureless characteristic, indicating the brittle
fracture behavior of the epoxy [8,9]. The smooth surface also indicates that no large-scale
of plastic deformation has occurred during the fracture event.
Figure 6.4 FESEM micrograph of the fracture surface of neat-epoxy at field of view of
124.53 µm.
.
In contrast, the FESEM micrographs of the fracture surface of the nanocomposites
reveal different morphologies which suggest that there are several toughening
mechanisms responsible for the increases of the KIC or G1C values (Table 6.1).
Figs.6.5(a)-(c) show the fracture surfaces of samples A1, A2 and A3 respectively. First of
all, there is no obvious difference observed between the neat epoxy and sample A1 at
lower percentage of particle loading. With further increase in particle content, the
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morphology and fracture characteristics change gradually compared to that of the neat
epoxy, suggesting that fracture and toughening mechanism known as crack deflection has
occurred. Crack deflection [7,9-12] is described as one of the toughening mechanisms
caused by the deflection of the crack front when there are obstacles. The crack tips are
then forced to twist and tilt for longer crack path or crack length to avoid the obstacles for
further propagation. Therefore the total fracture surface area is increased which appear as
a rougher surface. The crack deflection process usually creates more energy dissipation
during crack propagation process and therefore higher GIC values are expected in
comparison with that of the neat epoxy sample.
(Fig.6.5 continued)
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Figure 6.5 FESEM micrograph of the fracture surface of (a) sample A1 at magnification
field of view of 15.34 µm; (b) sample A2 at magnification field of view of 15.34 µm; (c)
sample A3 at magnification field of view of 15.34 µm.
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The FESEM images obviously show that the fracture surface of the
nanocomposites with 40nm platelet particles is rougher as compared to that of the neat
epoxy. Furthermore, it is seen that the increase of the amount of the particles loading in
the nanocomposites has created more obstacles for the crack front to travel during crack
propagation process. Therefore, it is expected that the fracture surface for sample A3 (5
wt% of particle loading) is rougher than that of sample A2 (2.5 wt% of particle loading)
and sample A1 (1wt% of particle loading) respectively.
The fracture surface of 10nm platelet particle with PTSA modifier: sample B1, B2
and B3 nanocomposites is shown in Figs.6.6(a)-(c) respectively. The fracture surface is
relatively smoother compared to that of the samples with 40 nm platelet particles. It is
noteworthy that, from the TEM results (chapter 4), the 10 nm diameter platelet particles
are embedded homogeneously across the matrix due to the smaller size. Since it is
generally known that the smaller the size of the nanoparticle, the greater is the
toughening effect of the epoxy-alumina nanocomposites [13]. In this work, 88% of
increment in the GIC values is observed on sample B3 as compared to that of only 20% of
increment in the GIC values is observed on sample A3. Although rougher fracture surface
is observed on sample A, the GIC values do not seem to increase much as compared to
that of 10 nm platelet particles with less roughness on the fracture surface. Therefore,
these results imply that the crack deflection may not be the only or main toughening
mechanism in this nanocomposite; at least, it only contributes to a small increment in the
lower percentage of particles loading. Nevertheless, it has been reported that the addition
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of smaller particle usually does not show apparent increase in surface roughness
compared to larger size particles [14].
(Fig 6.6 continued)
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Figure 6.6 FESEM micrograph of the fracture surface of (a) sample B1 at magnification
field of view of 5.0µm; (b) sample B2 at magnification field of view of 12.50µm; (c)
sample B3 at magnification field of view of 12.50µm.
By carefully examining the both fracture surfaces of sample series A and B,
other fracture toughening features known as plastic shear yielding also can be found on
the fracture surface of sample series A and B. Figs.6.7(a) and (b) are the higher
magnification of FESEM images of sample A3 and B3 respectively. The plastic yielding
toughening involves several processes: (i) debonding of the nanoparticles from matrix
(Denoted by A), (ii) plastic deformation of the matrix (Denoted by B) and (iii) plastic
void growth (Denoted by C). Plastic shear yielding has been reported as one of the
predominant toughening mechanisms for polymer particulate filled nanocomposites
[7,13,15]. During the plastic shear yielding, process such as debonding of the
nanoparticles from matrix, plastic deformation of the matrix and plastic void growth
process is associated with higher energy consumption, which is usually evident with an
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increment of fracture energy GIC values as compared to that of the neat epoxy (Table 6.1)
[16].
Figure 6.7 FESEM micrograph of the fracture surface of (a) sample A3 (b) sample B3 at
magnification field of view of 8.52 µm.
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From the FESEM images of the fracture surfaces of the samples A3 and B3, voids
are obviously present around small cluster of the nanoparticles. The higher magnification
FESEM image also shows that the particles pull-out which leaves spherical holes on the
fracture surface. This suggests that the plastic void growth of the matrix is initiated by the
debonding of nanoparticles. However, the void sizes of the matrix observed on the
fracture surface are obviously different between the samples A3 and B3. Larger voids are
observed in the sample A3, and these large voids may act as defects in the subsequent
fracture process. Therefore, the fracture toughness or fracture energy is not further
increased even when more particles are added to the sample A3. On the other hand, under
the same magnification of the FESEM image, tiny voids are found scattered across the
fracture surface of sample B3 which is resulting from the nanoparticle pull out during
plastic shear yielding. The formation of these small and tiny voids seems to increase the
GIC values more effectively, and therefore it can be concluded that the smaller particle
can increase the GIC values greater, for a given particle volume fraction.
Figs.6.8(a)-(c) show the FESEM images of fracture surface of samples C1, C2
and C3 respectively. It is noticed that the fracture surfaces of the rod shape particles
reveal different feature compared to that of the samples with platelet particles. The
fracture surface is found smoother with only minimal of plastic shear yielding
mechanism. However, the particle aggregates are found increased as compared to that of
sample A and B. Such fracture surface characteristics are also found on nanocomposites
with 10 nm platelet and 10 nm rod particles with AMEO (sample series E and F). The
FESEM for the samples E1-E3 and F1-F3 is illustrated in Figs.6.9(a)-(c) and
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Figs.6.10(a)-(c) respectively. The fracture surfaces of sample series E and F clearly show
that formation of a fracture “tail” (Denote by D) emanating from obstacles throughout the
matrix. The tail marks on the fracture surface are the effect of crack pinning process on
nanocomposites. These obstacles are usually the particle agglomeration. The crack
pinning theory was first proposed by Lange [17] and further extended by several
researchers [18-21]. They have suggested that the addition of the particle aggregates have
acted as obstacles to crack propagation, and therefore the crack was pinned and prevented
from propagate further as compared to the samples that without any filler. Compared with
the fracture surfaces of the sample series A, B (Figs.6.5 and 6.6) and sample series C
(Fig.6.8), the fracture surfaces of sample series E and F (Figs.6.9 and 6.10) are fairly flat
and smooth, which indicate that crack deflection may not be the main toughening
mechanism but crack pinning process appear to be the main reason for the increment of
fracture energy GIC (Table 6.1). This finding agrees well with the work by Johnsen et al
[9]. They have reported that the crack pinning mechanism did not always exist on the
particle-reinforced polymer nanocomposites but could only occur when the reinforced
particles were larger than the crack-opening displacement, which was usually > 1.7 µm
[9]. The particle agglomerations in sample series E and F sample were zooming in
Fig.6.11. It is found that the particles in sample F3 are found to agglomerated bond very
well with the epoxy matrix where particle pull-out and void growth are not observed in
these samples. The highly bonded rod shape particles may require higher amount of
energy for crack propagation process [22,23]. This observation may explain the higher
fracture energy GIC is observed on the samples with platelet and rod shape particle with
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AMEO modifier (sample series E and F) as well as rod shape particle with PTSA
modifier (sample C) as compared to that of the neat epoxy.
(Fig.6.8 continued)
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Figure 6.8 FESEM micrograph of the fracture surface of (a) sample C1 at magnification
field of view of 249.0 µm; (b) sample C2 at magnification field of view of 124.53 µm;
and (c) sample C3 at magnification field of view of 124.53 µm.
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(Fig.6.9 continued)
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Figure 6.9 FESEM micrograph of the fracture surface of (a) sample E1 at magnification
field of view of 143.48 µm; (b) sample E2 at magnification field of view of 178.38 µm;
and (c) sample E3 at magnification field of view of 124.53 µm.
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(Fig.6.10 continued)
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Figure 6.10 FESEM micrograph of fracture surface of (a) sample F1 at magnification
field of view of 249.0 µm, (b) sample F2 at magnification field of view of 200.0 µm, and
(c) sample F3 at magnification field of view of 249.0 µm.
Figure 6.11 FESEM images of alumina particle agglomeration of sample F3 at
magnification field of view of 4.25 µm.
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6.4 Summary
In this chapter, the fracture toughness of epoxy-alumina nanocomposites has been
investigated using fracture mechanics testing methods. The fracture surfaces of the
epoxy-alumina nanocomposites were investigated with FESEM to study the details of
strengthening and fracture mechanisms of the nanocomposites. The fracture toughness
results show that the incorporation of the particles has improved both the KIC and GIC of
nanocomposites. However, no clear trend is observed on the fracture toughness (KIC) and
normalized critical strain energy release rate (GIC) of the nanocomposites. In section 6.2,
the fracture surface of the epoxy-alumina nanocomposites was investigated with FESEM.
The results show that main toughening mechanism such as crack deflection, crack pining
and plastic yielding is responsible for the increase in KIC. For the nanocomposites with 40
nm platelet shape with PTSA surface modifier, the particle does not seem to increase the
KIC values efficiently even though the roughest fracture surface is observed. It therefore
crack deflection and plastic yield shielding were not the dominant toughening mechanism
for the epoxy-alumina nanocomposites but involved other mechanism such as crack
pinning Apparently, the fracture toughness or fracture energy is significantly improved
by present of particle agglomerations[25]. that acted as obstacle that pin (stop) down the
crack propagation. The alumina particles with AMEO surface modifier are found more
efficient in toughening the nanocomposites. This is believed mainly due to the strong
bonding between the agglomeration and the polymer matrix. The further FESEM
zooming on the particle agglomeration showed that the particle agglomeration is bonded
well within the epoxy resin. Therefore, more energy is required for the crack front to
propagate through the particle agglomerations.
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Chapter 7: Micro-mechanical Characterization by Nanoindentation
Technique
7.1 Introduction
In this chapter, nanoindentation technique will be used to investigate the
micromechanical properties of the neat epoxy and the epoxy-alumina nanocomposites.
Over the past decades, the rapid development of polymer nanocomposites has attracted
research into understanding the fundamental of the nanostructure, morphology and local
deformation mechanism of nanocomposites. Therefore, nanoindentation technique has
emerged as one of the most convenient and powerful techniques in characterizing the
mechanical properties at submicron scale of the materials such as nanocomposites. This
technique not only appears to be a useful tool to link the nanostructure and the localized
mechanical properties, also it has several advantages over the conventional mechanical
testing, such as: (1) the nanoindentation experiment is easy to perform; (2) there is
minimum sample preparation procedure required for the test; (3) the test is non-
destructive (4) the raw data are presented in simple form such as load and displacement
depth, that is, by interpretation of the nanoindentation data, various mechanical properties
such as hardness, elastic modulus and creep behavior can be obtained concurrently.
In this chapter, only two types of epoxy-alumina nanocomposites will be
investigated i.e, the nanocomposites with 40 nm platelet particle with PTSA modifier
(samples A1 to A3) and 10 nm platelet particle with PSTA surface modifier (samples B1
to B3). The elastic modulus and hardness of the samples will be derived using the
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nanoindentation experiment. The elastic modulus results will be then compared to those
obtained from the conventional mechanical testing in Chapter 5. Finally, nanoindentation
with different strain rates, displacement depths and holding times duration are performed
to further investigate the time- and rate –dependent (viscoelastic) properties of the epoxy-
alumina nanocomposites.
7.2 Modulus and hardness
For the measurement of modulus and hardness by nanoindentation, continuous
stiffness measurement (CSM) [1] at a constant strain rate of 0.05s-1 is employed. The
samples are loaded to the maximum indentation depth of 5000 nm and hld for 60
seconds, and then unloaded at the same rate as that used for the loading segment (see
chapter 3, section 3.5.1). Figs.7.1(a) and (b) show the typical load-displacement curves
(P-h curves) of the nanocomposite samples A1, A2 and A3 and samples B1, B2 and B3
together with that of the neat epoxy respectively. It is noticed that the P-h curves of the
epoxy-alumina nanocomposites shifted upwards compared to that of the neat epoxy. This
observation is expected as the addition of the stiff and rigid platelet particles has
prevented the penetration of indenter into the nanocomposites surfaces. Since the strain
rate is a constant, to reach the maximum load set for the experiment, higher load is
required for the nanocomposites samples. In addition, it is also found that for the same
nanocomposites sample, the P-h curves are shifted with the particles content, for example,
the resistance to indentation for sample A3 is higher than that of sample A2 and sample
A1 systematically. The maximum loads at the beginning of the holding segment (i.e.
maximum indentation-depth of 5000 nm) of epoxy and nanocomposites are summarized
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in Table 7.1. As can be seen, the maximum load at the holding segment is found
increased with increasing particles loading. It is also noticed that only a small
improvement at low particle loading (1wt %) as compared to that of the 5wt% of particle
loading, i.e, the maximum load at holding segment for sample A1 and sample B1 is
124.62 mN and 116.02 mN respectively and it has been increased to 127.07 mN and
119.53 mN for sample A2 and sample B2 respectively and finally 135.85 mN and
129.08mN for sample A3 and B3 respectively. This phenomenon is explained by, at
higher particle loading, the particles density on the nanocomposites surface area is
increased. Therefore, the mechanical properties are enhanced localized as compared to
that of the lower particle loading.
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Figure 7.1 Load-displacement curves (a) samples A1, A2 and A3; (b) samples B1, B2
and B3; with comparison with that of the neat epoxy.
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Table 7.1 The maximum load at holding segment, elastic modulus and hardness of neat













Neat Epoxy 113.74 ± 0.69 3.42 ± 0.08 0.255 ± 0.007
40 nm platelet 1.0 wt %
(sample A1) 124.62 ± 0.24 3.63 ± 0.04 0.280 ± 0.002
40 nm platelet 2.5 wt%
(sample A2) 127.07 ± 0.61 3.74 ± 0.04 0.288 ± 0.002
40 nm platelet 5.0 wt %
(sample A3) 135.85 ±1.03 4.19 ± 0.06 0.313 ± 0.002
10 nm platelet 1 wt %
(sample B1) 116.02 ± 0.28 3.51 ± 0.06 0.273 ± 0.004
10 nm platelet 2.5 wt %
(sample B2) 119.53 ± 1.34 3.60 ± 0.06 0.280 ± 0.001
10 nm platelet 5 wt %
(sample B3) 129.08 ± 0.67 3.89 ± 0.07 0.293 ± 0.001
The average elastic modulus and the hardness values of the neat epoxy and
nanocomposites are calculated based on Oliver and Pharr method [2]. The results are
tabulated and illustrated in Table 7.1 and Fig.7.2 respectively. From the results, it is
shown that the neat epoxy possesses the weakest resistance to the indentation force and
gives the highest displacement depth as compared to that of sample series A and B. The
hardness values of nanocomposites are increased by approximately 23% from 0.255 GPa
(neat epoxy) to 0.313 GPa (sample A3) and 0.293 GPa (sample B3), whereas the elastic
modulus values are improved by at least 23% from 3.42 GPa (neat epoxy) to 4.19 GPa
(sample A3) and 3.89 GPa (sample B3) respectively. These results suggest that the
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loading of stiff and rigid alumina particle has enhanced the elastic modulus and hardness
of the neat epoxy.
Figure 7.2 Hardness and elastic modulus of neat epoxy, sample series A and B as a
function of alumina loading by nanoindentation technique.
The elastic modulus and hardness values change as a function of indentation
depth of sample series A and B are further plotted in Figs.7.3(a)-(b) and 7.4(a)-(b)
respectively. Both curves show that the hardness and elastic modulus of nanocomposites
are higher than those of neat epoxy through the whole indentation depth. We observed
that, at the beginning of curves, the hardness and elastic modulus values are fluctuated
when the indentation depth is less than 500 nm. There are few possible reasons to such
observation: first, it may be due to the indenter tip roundness when the indentation depth
is below 500nm; second, error may occur during the sample finding step at the beginning
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of the nanoindentation test, that is, during the initial constant, the indenter is actually
already penetrated into the material surface, this is particular important when indenting
relative soft materials such as polymers; third, the surface roughness or the uneven
distribution of the nano-sized particles within the testing area [3-5] . Nevertheless, this
phenomenon is slowly diminished with indentation depth whereby the hardness and
elastic modulus values become stabilized after a certain depth. This is probably due to the
effect of inaccuracies reduced when the indentation is approximately 1 µm into the
sample surface.
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Figure 7.3 Elastic modulus as function of indentation depth for (a) sample series A; and
(b) sample series B. The values are compared with that of the neat epoxy.
Chapter 7 Micro-mechanical Characterization by Nanoindentation Technique
151
Figure 7.4 Hardness as function of indentation depth for (a) sample series A; and (b)
sample series B. The values are compared with that of the neat epoxy.
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The elastic modulus obtained from tensile test is compared to that of
nanoindentation results in Table 7.2. It is found that the trend for the elastic modulus by
tensile test is consistent with that of the nanoindentation results. For example, the elastic
modulus values of nanocomposites are higher compared with that of the neat epoxy.
Furthermore, the elastic modulus of sample series A is observed higher as compared to
that of sample series B. However, it is noticed that the elastic modulus values obtained
from the nanoindentation technique are relatively higher than those obtained from the
tensile test. Such observation is quite common for nanoindentation of polymeric materials
[6,7]. This is suspected due to the fact that the nanoindentation modulus is obtained from
compression mode on a localized and microscopic level, whereas the tensile modulus
measurement is carried out in tension mode on macroscopic level. In addition, the
instrumental set up and material surface perfectness such as the load direction, strain rate
effect, blunting of the indenter, surface roughness of the sample and etc, could also
contribute to value deviation [3,6-10]. Nevertheless, the trend of the elastic modulus of
the nanocomposites from the two tests is still very consistent and comparable, suggesting
that nanoindentation technique can be used as a quick method to evaluate the change of
elastic modulus of polymer based nanocomposites.
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Neat Epoxy 2.47 ± 0.008 3.42 ± 0.08
40 nm platelet 1.0 wt % (Sample A1) 2.79 ± 0.014 3.63 ± 0.04
40 nm platelet 2.5 wt% (Sample A2) 2.90 ± 0.015 3.74 ± 0.04
40 nm platelet 5.0 wt % (Sample A3) 3.06 ± 0.023 4.19 ± 0.06
10 nm platelet 1 wt % (Sample B1) 2.81 ± 0.080 3.51 ± 0.06
10 nm platelet 2.5 wt % (Sample B2) 2.86 ± 0.012 3.60 ± 0.06
10 nm platelet 5 wt % (Sample B3) 3.11 ± 0.014 3.89 ± 0.07
7.3 Effects of strain rates on nanoindentation load-displacement curves
The nanoindentation tests with different strain rates, i.e., 0.1s-1, 0.01s-1, 0.05s-1
and 0.005s-1 are conducted on sample A3 and sample B3. The details of nanoindentation
experiment have been summarized in chapter 3 (section 3.5.2). The P-h curves at
different strain rates of neat epoxy, sample A3 and sample B3 are plotted in Figs.7.5(a) –
(c) respectively. Under the same condition, obviously, the neat epoxy is the weakest in
resisting the indentation force and gives the highest indentation depth compared to those
of nanocomposites. The indentation depths during loading curves are decreased with
increasing strain rate in the order of 0.005s-1, 0.01s-1, 0.05s-1 and 0.1s-1. This observation
agrees well with previous finding that the resistance of the polymeric material to
indentation increases with particle content as well as the nanoindentation strain rates [4].
Table 7.3 lists the maximum loads at the hold segment at different strain rates. It is
clearly revealed that the maximum load at the beginning of the holding segment increases
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with the strain rates for both neat epoxy and nanocomposite samples. The maximum load
is also found to be higher for nanocomposites compared to that of neat epoxy. These
observations have been discussed in the previous section, where the incorporation of stiff
and rigid alumina particles into neat epoxy has improved the mechanical properties of
nanocomposites [11-14]. In addition, the maximum indentation loads of the
nanocomposites are found to increase with increases in the strain rates, for example, the
maximum load at the beginning of the holding segment for samples A3 and B3 at the
strain rates of 0.005s-1 is 122.94 mN and 120.18 mN respectively, and has increased to
138.35 mN and 136.28 mN at the strain rate of 0.1s-1 respectively. This phenomenon can
be explained by the strain-rate hardening effect on the nanocomposites. During the
nanoindentation loading segment, the area near the indenter tip is subjected to a three-
dimensional stress state. Therefore, the polymer chain near the indentation site is
undergoing an internal molecular rearrangement, in which the polymer chains are forced
to re-align to a higher packing density microstructure, leading to higher stiffness. Such
structural rearrangement of the polymer chain under stress is known as strain-rate
hardening [4,15-17]. At the slower strain rate, the amorphous region within the polymer
matrix may undergo reversible structural rearrangement (viscoelastic deformation) at the
point of the indentation. When the strain rate is increased to a higher strain rate such as
0.1s-1and 0.05s-1, the deformation in the nanocomposites may not have enough time for
elastic recovery and therefore leading to plastic deformation in the amorphous region
within the polymeric material. However, the detailed mechanisms of deformation are still
unclear and most of the literature reported based on indirect evidence [4,17].
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Maximum load at displacement depth of 5µm (mN)
Neat Epoxy 5wt% of 40 nm particle(sample A3)
5wt% of 10 nm particle
(sample B3)
0.1 112.95 ± 1.36 138.35 ± 1.93 136.28 ± 2.26
0.05 107.79 ± 0.96 135.70 ± 1.29 129.73 ± 0.78
0.01 104.38 ± 2.36 123.90 ± 2.62 122.64 ± 0.84
0.005 100.11 ± 1.80 122.94 ± 1.85 120.18 ± 0.99
Next, for the nanoindentationt tests with different strain rates, once the
indentation depth reaches to the maximum depth of 5000nm, the maximum load at this
point is held for 60 seconds. Figs.7.5(a)-(c) show that significant creep occurs during the
holding segment for all of the samples. The indentation continues to penetrate into the
sample surface during the holding time, indicating that both neat epoxy and
nanocomposites are experienced time-dependent deformation behavior that similar to
creep deformation. The details of viscoelastic behavior of the nanocomposites will be
investigated in chapter 8. In addition, it is observed that the displacement at holding
increases with the increasing loading strain rates, and this indicates that higher strain rate
may induce more mechanical energy which drives more significant creep effects during
the holding segment. Furthermore, it is also observed that the unloading curves are not
overlapped each other for those indentations made at different strain rate, but rather they
are more or less parallel, especially in the upper part of the unloading curve. Since the
slope of the curves represents the elastic modulus of the materials, the unloading slope
for the samples A3 and B3 [Figs.7.5(b) and (c) respectively] is obviously steeper
compared to that of the neat epoxy [Fig.7.5(a)], indicating that the elastic modulus of
epoxy has been increased with the addition of alumina particles. Moreover, it is also
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noticed that the strain rate has no significant effects on the values of elastic modulus
(Table 7.4), as all of the unloading curves are almost parallel, indicating the similar
unloading slope.
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(Fig.7.5 continued)
Figure 7.5 Load-displacement curves for (a) Neat epoxy; (b) Sample A3; and (c) Sample
B3.
7.4 Effects of strain rates on hardness and elastic modulus
Figs.7.6(a)-(c) show the elastic modulus as function of displacement at various
strain rates for neat epoxy, samples A3 and B3 respectively. Figs.7.7(a)-(c) show the
hardness values as function of indentation depth at different strain rates for the same
materials. As discussed before, the hardness and elastic modulus values of the
nanocomposites have increased by at least 10% when compared with those of the neat
epoxy. The hardness and elastic modulus values for the nanocomposites with 40nm
particles are also found higher than those of the nanocomposites with 10nm particles at a
similar indentation depth and strain rate. This is most likely due to that the
nanoindentation has high chance to indent the large sized particles in the materials.
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(Fig.7.6 continued)
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Figure 7.6 Elastic modulus profiles of (a) neat epoxy; (b) Sample A3; and (c) Sample B3
at four different strain rates.
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(Fig.7.6 continued)
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Figure 7.7 Hardness profiles of (a) neat epoxy; (b) Sample A3; and (c) Sample B3 at four
different strain rates.
Table 7.4 summarizes the hardness and elastic modulus of neat epoxy and the
nanocomposites at different strain rates. The hardness is found to increase with increasing
strain rate, indicating that yield strength of the nanocomposites should also increase
significantly with the strain rates. As discussed previously, such observation can be
explained by the strain-rate hardening effect on the amorphous region within the polymer
nanocomposites. Based on the strain-rate hardening theory on polymeric material, the
external stress that applied to the polymeric material would alter the amorphous structure
within the polymer [16-17]. Therefore, during the nanoindentation, the area under the
indenter tip is deformed. This may lead the polymer chains to strengthen by aligning
themselves from amorphous structure to a more oriented structure. It is worth noting that
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such deformations involved both the plastic and elastic deformation. However, under a
faster strain rate, there is less time for the polymer chains in amorphous population to
recover elastically after the indenter is withdrawn from the sample, thus leading to a
plastic deformation that stiffens the nanocomposites [3,4]. On the other hand it seems that
the strain rates do not have significant effect on elastic modulus (Table 7.4 and Fig.7.6).
The elastic modulus remains unchanged at different strain rates. This observation can be
related to the fact that the strain rate only has significant effect on plastic properties but
not on elastic modulus of polymeric material [4]. The elastic constants of polymeric
material such as elastic modulus, shear modulus and the Poisson’s ratio usually related to
the movements or elongation of the chain molecules in amorphous region only.
Furthermore, the polymer chain movement event is even minimized when the
temperature is lower than the Tg of the polymer material. Such phenomenon is mainly
explained by the critical temperature and energy that required for the localized movement
of the polymer chain such as chain rotations, chain rearrangement and chain deformation
against the secondary bonds are always insufficient [15,17,18]. Thus, the polymer chain
is expected to be always staying at glassy state. It should be noted that the Tg of epoxy
material is between 160-170°C while the nanoindentation experiment was carried out at
room temperature. This explained the insensitivity of elastic modulus to the strain rate
change effect.
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0.1 0.251 ± 0.003 3.23 ± 0.07
0.05 0.245 ± 0.004 3.22 ± 0.09
0.01 0.232 ± 0.002 3.27 ± 0.05
0.005 0.225 ± 0.004 3.27 ± 0.07
Sample A3
0.1 0.310 ± 0.004 4.05 ± 0.07
0.05 0.303 ± 0.004 4.07 ± 0.07
0.01 0.275 ± 0.009 4.08 ± 0.03
0.005 0.274 ± 0.007 4.08 ± 0.01
Sample B3
0.1 0.304 ± 0.004 3.84 ± 0.11
0.05 0.280 ± 0.003 3.83 ± 0.07
0.01 0.278 ± 0.002 3.91 ± 0.06
0.005 0.269 ± 0.004 3.93 ± 0.10
From Figs.7.6 and 7.7, there is a dramatic decrease of elastic modulus and
hardness values at the beginning of the nanoindentation tests; which happens
approximately at the displacement depth of less than 500 nm. As we have discussed
before, there are several possible factors which contributed to such phenomenon, first; the
inaccuracies of the indenter area function calculation for the penetration depth below 500
nm; second, the inaccuracies in sample surface finding by the nanoindenter at during the
initial loading segment, e.g., surface roughness of the nanocomposites; and third, the
blunting of the tip at the apex of the indenter tip may lead to unavoidable over-estimate
hardness and elastic modulus values near the sample surfaces [3,4,6]. However, the
hardness and elastic modulus become stabilized after certain indentation depth. That is
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probably due to the effect of inaccuracies has minimized once the indenter tip is deep into
~1 µm into the sample surface. It is also noticed that the curves are more stable with
slower strain rate, this could be due to at slower strain rate, the indenter tip has more time
to penetrate into the surface and therefore the curve appears to be more accurate.
7.5 Effects of indentation depths and holding times on hardness and elastic
modulus
To further investigate the application of nanoindentation experiments, another
series of indentation test by varying the maximum indentation depth is carried. Table 7.5
summarizes the hardness and elastic modulus result of neat epoxy; sample A3 and sample
B3 at different maximum depth as well as the time taken to reach the respective depth.
Fig.7.8(a) compares the elastic modulus of neat epoxy, samples A3 and B3 at the
different indentation depths. The elastic modulus in general decreases with the
indentation depths, and more obvious changes are observed on the modulus of the neat
epoxy sample. This observation is probably due to the different movement behavior of
the polymer chains in neat epoxy and the nanocomposites samples. Many reports have
showed that the incorporation of nanoparticle could change the chain packing density and
may restrict the chain movement [19-21]. As it has been discussed earlier, the elastic
modulus is mainly determined by the movement or elongation of the polymer chains in
the amorphous region, therefore, it is expected to observe such phenomenon more in neat
epoxy compared to that of nanocomposites. This is because the movement of the polymer
chains is restricted by the nano-sized particles in the nanocomposites.
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Table 7.5 Hardness and elastic modulus of neat epoxy, samples A3 and B3 at different












1000 136 0.256 ± 0.009 3.47 ± 0.09
3000 178 0.255 ± 0.005 3.28 ± 0.09
5000 198 0.245 ± 0.004 3.22 ± 0.09
10000 236 0.243 ± 0.003 3.15 ± 0.06
Sample A3
1000 138 0.297 ± 0.009 4.12 ± 0.13
3000 182 0.296 ± 0.006 4.11 ± 0.13
5000 200 0.303 ± 0.004 4.08 ± 0.03
10000 236 0.300 ± 0.004 4.05 ± 0.04
Sample B3
1000 137 0.266 ± 0.008 3.71 ± 0.13
3000 182 0.269 ± 0.008 3.63 ± 0.09
5000 199 0.280 ± 0.002 3.83 ± 0.07
10000 229 0.263 ± 0.003 3.60 ± 0.11
On the other hand, the hardness values of the neat epoxy and the two
nanocomposites at different indentation depths are compared in Fig.7.8(b). The results
reveal that the hardness values of the three materials are to be quite constant at the depth
range of 1000-3000nm, with the values of 0.256-0.255 GPa for neat epoxy; 0.297-0.296
GPa for sample A3; and 0.264-0.266 GPa for sample B3 respectively. The hardness starts
to show some changes when the indentation depth is increased to the depth range of
5000nm to 10000nm, with the values of 0.245-0.243 GPa for neat epoxy; 0.303-0.300
GPa for sample A3; and 0.269 GPa for sample B3. This again indicates that the surface
region and interior of the polymers may have different properties.
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The effect of nanoindentation holding times on elastic modulus and hardness of
the neat epoxy and nanocomposites is illustrated in Figs.7.9(a) and (b) respectively. As it
can be seen, the holding time has insignificant effects on the hardness from time zero to
200s. Similarly, the elastic modulus values remain unchanged from time zero to 200s,
indicating that the elastic modulus is insensitive to holding time. This result indicates that
the nanoindentation experiments with the CSM technique are insensitive to the holding
time and this methodology is very straightforward and simple. Therefore, it is
recommended that this method should be employed to investigate the mechanical
properties of polymer nanocomposites. Finally, since all of the nanoindentation loading-
hold-unloading data are analyzed according to Oliver and Pharr’s method [2], it is
important to understand that this method does not account for pile-ups and sink-in
phenomenon. Therefore FESEM is conducted on sample B3 and the results show no
obvious pile-up but small amount of sink-in behavior around nanoindentation site
(Fig.7.10), which may introduce some errors during the calculation of the contact areas.
 Pile-up and sink in phenomenon is a problem associated with the material on the edges of the indent
during the indentation. The pile-up or sink-in event will affect the final load-displacement curves.
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Figure 7.8 (a) Elastic modulus and (b) Hardness of neat epoxy, samples A3 and B3 at
different indentation depths.
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Figure 7.9 (a) Elastic modulus and (b) Hardness of neat epoxy, samples A3 and B3 at
different holding times.
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Figure 7.10 FESEM image of nanoindentation performed on sample B3 (field of view:
125.73 µm) shows no obvious pile-up but may be small amount of sink-in phenomenon.
7.6 Effects of strain rates on plastic index
In general, the area below the loading curve of the P-h curve corresponds to the
total energy absorbed during the indenter tip press against the material whereas the area
under unloading of the P-h curve corresponds to the energy released from the system
during unloading process. The difference between the two processes represents the
irrecoverable energy for plastic deformation. In this section, the plastic index ( ) of the
samples, defined as the ratio of the area encompassed between the loading and unloading
curves to the total area encompassed under the loading curve, at different strain rates is
calculated by removing the holding data from the P-h curve. The plastic index is a
parameter associate with the energy during plastic deformation process.. It is worth noted
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that for a deformation that involve fully plastif deformation, the  =1 while  =0 for
fully elastic deformation; and 0< <1 for viscoelastic-plastic behavior [22]. Therefore,
by comparing the plastic index values of a material during the nanoindentation process,
the deformation behavior of the epoxy and nanocomposites during nanoindentations can
be characterized.
The plastic index results of the nanoindentation are summarized and compared in
Table 7.6 and Fig.7.11 respectively. The plastic index value is increased with increasing
strain rates. This observation can be again related to the strain-rate hardening effect on
the amorphous region within the polymer. During the nanoindentation test, the polymer
chains experience chain displacements due to external stress induced by indenter tip.
Under faster strain rate, there is less time for the polymer chains to recover elastically.
Therefore, the polymers become stiffer and more deformation plastically. Fig.7.11 shows
the plastic index for both neat epoxy and nanocomposites is between 0.5<  <1,
indicating that the deformation of polymeric material involves a viscoelastic response as
compared to metal and ceramic materials. It can also be seen that the plastic index for
nanocomposites has increased with the loading of alumina particle. This suggests that the
incorporation of the alumina particles has prevented the elastic recovery of the deformed
polymer chains even though the stress has been removed. Furthermore, it is also noticed
that the plastic index for sample A3 is higher than that of the sample B3. This suggests
that the sample A3 is more effective in stiffening the neat epoxy as compared to that of
sample B3. It is consistent with that the hardness of sample A3 is higher as compared to
that of sample B3 (see Table 7.1).
Chapter 7 Micro-mechanical Characterization by Nanoindentation Technique
171
Table 7.6 Plastic Index of neat epoxy, sample A3 and sample B3 at different strain rates.
Strain rate (s-1) Neat Epoxy Sample A3 Sample B3
0.005 0.59 0.67 0.62
0.01 0.62 0.69 0.64
0.05 0.69 0.77 0.71
0.1 0.73 0.82 0.77
Figure 7.11 Plastic Index of neat epoxy and nanocomposites at different strain rates.
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7.7 Summary
The motivation of using the nanoindentation is the capability to investigate the
mechanical properties of material at localized and submicron level. In this chapter, we
observed that the results obtained from nanoindentation technique are comparable with
that from the conventional tensile test, with higher elastic modulus value, which is a
common observation for nanoindentation of polymeric materials [6, 7]. The hardness and
elastic modulus of the epoxy-alumina nanocomposites are found to gradually increase
with the addition of the alumina particles. This shows that the incorporation of the rigid
and stiff alumina particles has successfully enhanced the hardness and elastic modulus of
the epoxy-alumina nanocomposites. Regarding the effects of strain rates, indentation
depths and holding times on the nanoindentation on nanocomposite samples, the
experimental results indicate that: (1) indentation strain rate has significant effect on
hardness due to the strain-rate hardening mechanism on the amorphous polymer. The
hardness of the nanocomposites is obviously influenced by the density of the polymer
chains and the loading of the particles; (2) elastic modulus is insensitive to the
indentation strain rate due to the experiment is conducted at room temperature and the
polymer chains of the nanocomposites always stayed at glassy state during the
nanoindentation tests, therefore the mobility of the polymer chains is restricted; (3) the
maximum indentation depths and holding times show no significant effect on hardness
and elastic modulus values of the nanocomposites, but certain effects are observed on
neat epoxy; (4) the plastic index results show that the deformation of the neat epoxy and
nanocomposites involved viscoelastic deformation but mostly the plastic behavior is
dominated in epoxy-alumina nanocomposites system.
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Chapter 8: Viscoelastic Properties of Nanocomposites Characterized by
Nanoindentation
8.1 Introduction
Nanoindentation is increasingly being used to study the viscoelastic property of
polymeric and biological materials [1-3]. Unlike the conventional tensile creep
experiments in which a constant stress is applied during the test, the nanoindentation
experiment is produced directly on the samples by probing continuously under the
constant load. The analysis of nanoindentation test has taken in the considerations of the
strain rates, times and loading cycles on the polymeric material surfaces. Thus, the
viscoelastic properties of the material are considered. However, the analysis of the
nanoindentation curve is complicated where several models have been developed to
derive the viscoelastic properties of the material [1,4-6]. In this chapter, an attempt has
been made to characterize viscoelastic behavior of epoxy-alumina nanocomposites with
nanoindentation technique. A generalized Kelvin model [Eq.(8.1)] (detail described in
Appendix A) is employed to fit the nanoindentation displacement-time curves from the
holding segment of the nanoindentation experiments (Fig.8.1). The unloading segment of
the P-h curve is further analyzed to derive the creep compliance J(t) of the neat epoxy
and nanocomposites [Eqs.(8.2)-(8.3)]. Finally, by taking reciprocal of the creep
compliance J(t) values, the time-dependent modulus E(t) of neat epoxy and
nanocomposites is defined [Eq.(8.4)]. In this study, only the neat epoxy and sample B3
(with 5wt% of 10nm plaletet particle with PTSA modifier) are characterized. Two
different indentation loads of 5mN and 10mN and holding times of 2000s are used for the
nanoindentation tests. Several works have demonstrated that this analysis methodology is
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useful to derive the creep properties of soft materials and polymeric materials which are
sensitive to viscoelastic deformation. However, most of the studies were focused on bulk
polymer materials such as PMMA, PC, epoxy, thin film and polymeric film on a hard
substrate [7-9]. There is still no study on nanocomposites material. Furthermore, the
loading of nanoparticles could change the localized mechanical and viscoelastic behavior
of the polymer. Therefore, the finding from this chapter will shed light on the research on
the effects of alumina nano fillers on the viscoelastic behavior of the nanocomposites.
8.2 The creep (displacement-time) curves of neat epoxy and nanocomposites
Figure 8.1 Displacement-time curve during holding segment of neat epoxy.
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Figure 8.2 Creep curve: strain versus time under constant stress (or load) and
temperature.
Fig.8.1 shows the displacement–time curve of the holding segment for
nanoindentation of neat epoxy sample. It is noticed that the indentation displacement-
time curve is very similar to curve from the general creep test (Fig. 8.2) except only
primary and secondary stages can be observed during nanoindentation, whilst the tertiary
stage that leads to final fracture is not observed during nanoindentation experiments. In
this study, a semi-empirical model known as generalized Kelvin model is used to
investigate the viscoelastic behavior of the nanocomposites. First, the indentation creep
curves [Figs.8.3(a)-(b) and 8.4(a)-(b)] are fitted with Eq.(8.1) to derive the fitting
parameters of the creep equation in Eq.(8.1).
    mtehehhh tttte   21 /2/1 11 (8.1)
Where he, h1, h2, t1, t2 and m are fitting parameters that are derived from a non-linear
curve fitting and each of the parameter has its own physical meaning [7,8]. The details of
non-linear curve fitting procedure have been discussed elsewhere and therefore will not
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be emphasized in this thesis [6]. These fitting parameters will be further used in the next
section to calculate the creep compliance and time-dependent modulus of the epoxy and
nanocomposites.
In this study, the nanoindentation procedures for viscoelastic experiment are
summarized in Table 8.1 and further illustrated in Fig.8.3, and these procedures are based
on the previous method developed by Yang et al [7]. The nanoindentation is conducted
with the following steps: (1) loading segment to maximum load 5mN/10mN with fast
speed loading rate of 2.5mN/s; (2) holding at the maximum load of 5mN or 10mN for
2000s. (3) unloading segment to about 2/3 of the maximum load with the unloading rate
of 2.5mN/s followed by slow unloading rate of 0.02 to 0.005 times of previous unloading
rate; and (4) Finally, unloading hold at 0.005 mN for 4000s and back to zero load. It is
noticed that two unloading steps are including in this nanoindentation experiments. The
first fast unloading step is to avoid the viscoelastic recovery while the second slow
unloading is to prevent the “undershot” problem. The “undershot” often causes negative
force and indentation depth and therefore, it should be prevented at all the times to reduce
the error of the experiments [7].
Table 8.1 Nanoindentation experiment procedure set up for viscoelastic properties
analysis.
Segment/Step Region Time (s) Rate (mN/s) Load (mN)
Loading A --> B 2 2.5 0 --> 5/10
Holding B --> C 2000 - 5/10
Fast Unloading C --> D 2 2.5 5/10 --> 0.005
Unloading Hold D --> E 4000 - 0.005
Second Unloading E --> F - 0.0125 0.005 --> 0
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Figure 8.3 The load-displacement profile used for the nanoindentation.
To investigate the viscoelastic properties of the neat epoxy and sample B3, the
indentation displacement depth at the holding segment is plotted as a function of time.
Figs.8.4(a)-(d) and 8.5(a)-(d) show the nanoindentation displacement-time curves of neat
epoxy and sample B3 at different loads and holding times respectively. It should be
noticed that the creep curve of nanoindentation is very similar to that of the conventional
creep testing except the tertiary stage that leads to the fracture of sample cannot be seen
from the curve. The results show that both neat epoxy and nanocomposite sample B3
experienced significant creep displacement during the nanoindentation holding segment.
To further understand the displacement behavior of the neat epoxy and sample B3, a non-
linear equation Eq.(8.1) is used to fit the nanoindentation displacement-time curves. The
curve fitting results of neat epoxy and sample B3 are also shown in Figs.8.4(a)-(d) and
8.5(a)-(d) and the curve fitting parameters are summarized in Table 8.2.
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Figure 8.4 Indentation displacements- holding time curve of neat epoxy at (a) 5mN load,
2000s holding times; and (b) 10mN load, 2000s holding times.
Figure 8.5 Indentation displacements- holding time curve of sample B3 at (a) 5mN load,
2000s holding times; and (b) 10mN load, 2000s holding times.
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Table 8.2 Fitting parameters derived from the P-h curves of 5mN and 10mN load at
2000s holding times.










he (nm) 1058.76 963.54 1535.44 1423.59
h1 (nm) 49.19 43.93 52.31 44.65
t1 (s) 17.12 17.98 31.28 36.64
h2 (nm) 51.90 47.88 55.18 52.71
t2 (s) 299.97 283.12 307.59 304.68
m (nm/s) 0.01948 0.0369 0.01529 0.0261
µ0 (s/nm) 51.33 27.10 65.40 38.31
As it can be seen from Figs.8.4 and 8.5, Eq.(8.1) fits very well with the
displacement-time data obtained from the nanoindentation experiments. Therefore, the
fitting parameters obtained from Eq.(8.1) should be related to a physical meaning that
represents the creep or viscoelastic deformation of the material. Yang et al have
summarized the meaning of the each term in Eq.(8.1) in his recent paper [7], i.e., the first
term of the equation is related to the instantaneous elastic deformation during loading,
the second and third term are correlated to the viscoelastic deformation (the and the last
term is the viscous deformation.
On the other hand, Zeng has recently summarized the physical meanings of the
individual fitting parameters in Eq.(8.1) [10], i.e., h is the total indentation displacement;
he is the nanoindentation displacement at the beginning of the creep at which the holding
segment starts. It is noted that he is independent on the creep deformation during the
holding segment. The sum of the terms ( 21 hh  ) represents the total limits of the primary
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creep. On the other hand, 1t and 2t are the characteristics of the viscoelastic behavior
where 1t is associated with the initial creep rate of the material while 2t is associated
with the total period of primary creep. m is the constant related to the steady state creep
rate which is then related to the viscosity (1/µ0) of the materials [10].
From Table 8.2, the value of he is found always higher in neat epoxy as compared
to that of the sample B3; this indicates that the neat epoxy experiences faster indentation
deformations during the beginning of the nanoindentation creep tests. It is also observed
that the t1 value at indentation load of 5mN is lower as compared to the value at
indentation load of 10mN for both the neat epoxy and sample B3. The t1 value reported
has a larger influence on the initial stage of the primary creep [10]. A smaller t1 value
means a higher creeping rate and this result indicates that a higher indentation load
(10mN) gives rise to a faster creep during the primary stage. On the other hand, the value
of t2 is used to describe the creep transition from primary stage to secondary stage creep.
However, there is no obvious trend observed on the t2 values for both neat epoxy and
sample B3 at both indentation loads and holding times. This may be caused by the
inaccuracies of the nanoindentation experiments. Nevertheless, the holding time of 2000s
may be insufficient for the full creep transition from primary stage to secondary stage
creep. It is worth noting that the secondary creep stage only starts when the primary creep
stage has ended. In addition, it is also found that the values of t1 is much smaller than t2
for both neat epoxy and sample B3, which is probably because t1 is associated with the
movement of the main and side groups of polymer chain; while t2 may be correlated to
the molecular characteristic of polymers [7]. However, more studies are required to
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verify this observation. Lastly, the steady state constant of the material, m; is used to
compare the creep rate of both samples. The steady state creep is achieved when the
indented material reaches the plateau of secondary creep stage. In this study, the m values
of the neat epoxy at 5mN and 10mN are clearly higher than that of sample B3 at lower
load level such as 5mN. This suggests that the incorporation of the nanoparticles reduced
the creep rate of the samples. As a result, the total creep strain is significantly lower
under the same indentation load. In addition, at a higher indentation load such as 10mN,
the amount of creep deformation is increased. Since the inverse of m value is related to
the viscosity of the polymeric material (m =1/ µ0). From Table 8.1, the m value of neat
epoxy is found smaller than that of sample B3. Therefore, the µ0 values of sample B3 are
smaller as compared to that of the neat epoxy, indicating that the presence of the particle
in neat epoxy has changed the viscosity of the nanocomposites significantly. Such
observation is common in polymer nanocomposites as the presence of the nano-sized
particles has increased the resistance of the polymer chain movement within the
matrix[11-13]. However, many literatures suggested that the creep deformation of
polymeric materials could be influenced by many reasons such as the cross-linking
density of the polymers, total molecular weight of the polymers, molecules packing
density of polymers, segmental movement of the polymer chain and etc[14-15]. How to
correlate the localized creep deformation mechanisms of the polymers with the
nanoindentation creep parameters still remains a challenge. Nevertheless, from the above
analysis, we can conclude that the generalized Kelvin model can be used to compare the
localized viscoelastic properties of polymer nanocomposites.
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8.3 Creep compliance of neat epoxy and nanocomposites
The fitting parameters that derived from curve fitting in the Section 8.2 are further
employed to calculate the creep compliance of the material. Based on the previous studies
[6,7,9], the creep compliance is derived based on the fitting parameters and the unloading
segment of P-h curve. By definition, the creep compliance J(t) is described by Eq.(8.2)
    tJeJeJJtJ m
tttt
e 
 ]1[]1[)( 21 21 (8.2)
where Je, J1, J2 and J3 are parameters determined by h1, h2 and m; and 01 EJ e  . Based
on the Oliver and Pharr’s analysis [4], )167.1(0 ASE  , where
25.24 ehA  is the true
contact area for a perfect sharp Berkovich tip, ch is the actual contact depth, and can be
obtained by  SPhhe max with 75.0 is a constant for the Berkovich indenter tip;
maxP is the maximum load and S is the unloading stiffness at the beginning of the
holding segment. S can be derived from the relation ulul PmSS
.
11  where ulP
.
is
the average unloading rate, ulS is the unloading stiffness. Thus, Eq.(8.2) can be further
written as:














  21 11
56.24167.1
21 (8.3)
The reciprocal of creep compliance equation represents the time-dependent modulus of
the material as:
)(1)( tJtE  (8.4)
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The derived creep compliance values are then plotted as Log J(t) as function of
Log t(s). Fig.8.6 shows the creep compliance curves of neat epoxy and sample B3 at
different indentation loads. It is noticed that both neat epoxy and sample B3 are having
similar shapes of creep compliance curves. However, the creep compliance curve of
epoxy is found to be higher as compared to that of sample B3 at the both indentation
loads, showing that the overall deformation of the nanocomposites is noticeably less than
that of the neat epoxy, which shows the creep resistance performance by the presence of
the nanoparticles. These observations illustrate that the nanoparticles have effectively
retarded and restricted the movement and slippage of the polymer chains. Furthermore,
the trend in creep compliance curves with time appears to be similar for both loads (5mN
and 10mN), suggesting that the deformation behavior of neat epoxy and nanocomposites
is mainly time-dependent and not stress-dependent.
Chapter 8 Viscoelastic Properties of Nanocomposites Characterized by Nanoindentation
186
Figure 8.6 Log –Log plot of creep compliance J(t) of neat epoxy and sample B3 at (a)
5mN and (b) 10mN with 2000s holding time.
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Quantitatively, the creep compliance curves appear to be consistent with the
expected behavior of a glassy epoxy polymer [3]. In general, the creep compliance value
of neat epoxy is in the order of 10-9 Pa and trend slightly increases with increasing
holding times. The creep compliance curves from nanoindentation are observed to be
constant initially and then slowly increase with time. Such observation has been reported
related to the softening dispersion that is usually found in amorphous polymers [12].
During the beginning stage of the deformation process, the polymer material is believed
to be still in the glassy state thus the mobility of the polymer segment is highly restricted
[12,16]. Thereafter, the creep compliance is observed increasing progressively with the
time, suggesting the segmental movement of the polymer chains with time [3, 12]. The
creep compliance at this initial stage is also known as glassy compliance; Jg. Jg is usually
observed at the initial stage of the deformation under temperature below the Tg where the
creep deformation in the polymer chains is restricted and limited. Neat epoxy is known
for its intrinsic brittle properties; therefore we expected to see the Jg phenomenon in this
study.
8.4 Time dependent modulus of neat epoxy and nanocomposites
The results of the time-dependent modulus Log E(t) are presented in Fig.8.7,
including neat epoxy and the sample B3 at both indentation loads (5mN and 10mN). As it
can be seen, the increase of time results in lower time-dependent modulus values. This is
consistent with the reciprocal nature of Eq.(8.3). For many polymeric materials, the time-
dependent modulus is found to decrease progressively with the time, such change is a
common phenomenon of polymeric material. During this process, the polymer chains
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undergo a series of segmental rearrangement as function of time [3, 16]. Comparing the
time-dependent modulus values of neat epoxy and sample B3 at the different loads, the
neat epoxy is found to have lower Log E(t) values, indicating that the relaxation of neat
epoxy polymer chains is faster comparing with that of sample B3. The addition of nano-
sized particles has delayed the relaxation processes of the nanocomposites. However,
there is no evidence to explain the relaxation mechanism and the polymer chains
movement of the polymer nanocomposites during the creep test. Therefore, we suggest
that the study of nanocomposites polymer chain movements should be included in future
work to further correlate the finding.
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Figure 8.7 Log –Log plot of time-dependent modulus E(t) of neat epoxy and sample B3
at (a) 5mN and (b) 10mN with 2000s holding time.
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8.5 Summary
In this chapter, a semi-analytical model based on generalized Kelvin Model is
used to characterize the creep behavior of epoxy-alumina nanocomposites during
nanoindentation experiments. To investigate the creep behavior of the nanocomposites,
nanoindentation experiments with holding time of 2000s at 5mN or 10mN are conducted.
The displacement-time curves from the nanoindentation tests are plotted and fitted by
using the proposed model. Based on the fitting parameters, the creep characteristic of
neat epoxy and nanocomposites with 5wt% of 10 nm platelet particles is analyzed. The
results suggest that the addition of the nanoparticle has slowed down the creep rate at
both primary and secondary creep stages of the nanocomposite. In addition, the creep
compliance J(t) is found to decrease with the presence of nano-sized particles. This is
believed due to the slippage and reorientation of the polymer chain restricted by the
presence of the nanoparticles. Finally, the time-dependent modulus E(t) of the epoxy-
alumina nanocomposites is found to gradually increasing with addition of the particles,
indicating that the amount of polymer chain relaxation is reduced by the nanoparticles.
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Chapter 9: Conclusions and Recommendations
The primary objective of this thesis is to synthesize and characterize the
morphology and mechanical properties of highly transparent nanocomposites, that is,
epoxy-alumina nanocomposites. In phase 1 of this project, nano-sized alumina with
different shapes (platelet or rod shapes), sizes (9-40nm range), surface modifiers
(AMEO- C9H23NO3Si or PTSA - C7H8O3S) and percentage loading (1wt%, 2.5wt% and
5wt%) are incorporated into epoxy resin via a solvent assisted method. The dispersion of
the alumina particles is investigated using TEM technique. The TEM results show that
the particle with 10nm and 40nm platelet shape particles with PTSA modifier can be
dispersed very well into the epoxy resin. The majority of the platelet shape particles is
viewed as individual ones within the epoxy matrix. On the contrary, for the
nanocomposites with the rod shape particles, agglomerations between 100-500nm sizes
are revealed under the TEM images. These particles agglomerations are found to be
mainly due to the high specific surface area (SSA) of the rod shape particles. The high
SSA value of rod shape alumina tends to agglomerate easily compared to that of platelet
shape. Nevertheless, this thesis is able to show that the surface modifier can be used to
alter the dispersion performance of the alumina particle. The aggregates of alumina
particle are reduced with PTSA modifier compared to that of using AMEO modifier.
These results have provided clear evidence that the geometry of the particles (shape and
size) affects its distribution in the epoxy matrix. Moreover, the dispersion of the particle
can be further improved by using a suitable surface modifier. The DMA results show that
the storage modulus of the nanocomposites increases with the particle percentage
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loading. Meanwhile the glass transition temperature is decreased by about 10-40°C for
the nanocomposites using platelet particles with PTSA modifier and increased by about
10-20°C for the nanocomposites using rod particles with PTSA modifier and both rod
and platelet particles with AMEO modifier. The changes in storage modulus and glass
transition temperature are due to a few possible reasons. Firstly the presence of alumina
particles may have changed the segmental motion of the polymer chains leading to
change in the Tg, secondly, the interface interaction between the surface modifiers and
epoxy may have also altered the polymer cross-linking density and change the Tg and,
thirdly the change in free volume at the interface could assist the polymer mobility and
therefore the Tg is lowered.
During the phase 2 of this project, the mechanical characterizations are carried out
with several techniques including tensile test and fracture mechanic test. It is shown that
the modulus, tensile strength and toughness are improved in all the nanocomposites,
despite the fact that these two properties could not be achieved concurrently. The
improvements are found to be related to the particle dispersion, particle shapes and the
loading content of the nano-sized particles. Moreover, a remarkable improvement (>20-
100%) is seen on the normalized GIC of epoxy-alumina nanocomposites at 5wt% of
alumina particles loading. Such improvement is attributed to the toughening effect of the
alumina particles. From the FESEM investigation of the fracture surfaces, crack
deflection, plastic shear yielding, plastic void growth, particle-matrix pull put and crack
pinning are found to be the main mechanism for the improved KIC and GIC. Although it is
well known that the above mentioned mechanisms seem to be the few main toughening
Chapter 9 Conclusions and Recommendations
195
and strengthening mechanisms for particulate filled nanocomposites systems, in our
studies, we found that the situation is quite different. Under low alumina particle loading
(< 2.5 wt %), the fracture surface appears to be finer with less features thus the increase
in the fracture toughness is likely to be dominated by the individual alumina particles. On
the other hand, under high particles loading, the presence of small rigid nanoparticles
cluster seems to be the main reason for the toughening effect. Furthermore, different
toughening mechanisms are observed for the nanocomposites with platelet and rod
shapes particles. This finding is significant as it suggests that the presence of particle
agglomeration does not always reduce the mechanical properties of nanocomposites. In
addition, it is also observed that the shape of alumina particles has strong influence on the
toughening mechanisms. Another finding is that the mechanisms to enhance the strength,
elastic modulus and fracture toughness are different in the nanocomposites. To enhance
one property does not need to enhance another property at the same time. For example, in
the epoxy-alumina nanocomposites, the small particle cluster reduced the elastic modulus
and strength but can increase the fracture toughness of the nanocomposites.
Today, the use of nanoparticles has proven to exhibit a high potential for
significant improvement in both the thermal and mechanical properties of epoxy resin.
Ma et al. [1] reported that the incorporation of silane-treated CNT into epoxy has
increased the thermal behavior of the epoxy effectively. The decomposition temperature
and the Tg of the epoxy has increased by at least 5oC and 10oC respectively at 0.5wt% of
CNT loading. In addition, the silane-treated CNT also led to an improvement of 22% in
tensile modulus and 6% in tensile strength of the epoxy simultaneously. On the other
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hand, the un-treated CNT led to poor particle dispersion and thus showed a decreased in
both the thermal and mechanical properties. Ragosta [2] studied the effects of a well
dispersed nano-sized silica to epoxy resin and at 10wt% of particles loading, the
normalized elastic modulus of the nanocomposites had showed an increase of 1.5 while
the tensile strength increased by 1.3. And the presence of the silica filler decreases the Tg
of about 7°C. In the extensive work by Wang et al [ ], the incorporation 3wt% of silane
modified clay into epoxy resin has successfully increased the storage modulus of the
epoxy by at least 30%. The Tg of the epoxy-clay nanocomposites has increased by clay
loading by a certain extend, further increased of the clay content cause the Tg to dropped.
Such observation is believed to correlate with the chemical bonding of the clay and epoxy
resin. The mechanical properties of the clay-nanocomposites was increased by 25% in
tensile strength (at 2wt% of clay content) and 13% in tensile modulus (at 3wt% of clay
content) but decreased with further increasing in clay content. This is because of the high
density of the clay has complicated the dispersion of the clay. However, all the reports
showed that the above properties improvement can be archived only if the nano-sized
particles are dispersed homogeneously across the epoxy matrix. Therefore, the dispersion
of the particles into the polymer matrix is the essential requirement for epoxy-
nanocomposites.
In this thesis, a remarkable improvement (10%-100%) in mechanical properties
such as storage modulus, tensile modulus, fracture toughness and hardness is seen at
5wt% of nano-sized alumina particle loading. As compared clay or silica-epoxy type
nanocomposites, such improvement can only be achieved by at least 3-10wt% percentage
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of particle that is well dispersed epoxy matrix. Moreover, the present of small level of
alumina particle aggregates bring no deterioration effect to the nanocomposites. Although
at low particle loading (<1wt%), the nano ranged CNT can bring approximate of 22%
and 6% increased in tensile modulus and tensile strength. However, the processing
procedure of the nanocomposites is very complicated as the CNT need to be aligned and
well treated prior mixed into the epoxy resin [1]. Furthermore, the CNT-epoxy
nanocomposites give an opaque and black appearance as compared to clear and
transparent alumina-type nanocomposites (Fig.9.1). Therefore, the finding from this
research will shed light on optically clear product development.
Figure 9.1 (a) Clear and transparent alumina type nanocomposites. (b) Opaque and black
clay type nanocomposites
In the phase 3 of this project, nanoindentation technique is employed to
investigate the time-dependent mechanical properties and viscoelastic properties of the
neat epoxy, nanocomposites with 40nm platelet particles and 10nm platelet particles with
PTSA modifier. The results obtained from nanoindentation show that the addition of rigid
and stiff alumina particles has enhanced the elastic modulus and hardness of the
nanocomposites systematically. Furthermore, the elastic modulus trend by tensile test is
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comparable with that of the nanoindentation. To investigate the effects of strain rates,
indentation depths and holding times on the hardness and elastic modulus of the
nanocomposites, the samples with 5wt% of 40nm platelet particles and 10nm platelet
particles with PTSA modifier are studied by using nanoindentation. It is shown that strain
rate has significant effects on hardness due to the strain rate hardening effects of the neat
epoxy and the nanocomposites. Meanwhile, the elastic modulus of the neat epoxy and
nanocomposites is shown to be insensitive to the strain rate. This result is found to be
attributed to the glassy behavior of polymer chain at room temperature. The
nanoindentation depth and holding time are found to have insignificant effects on the
hardness and elastic modulus if the nanoindentation experiments are conducted with
CSM technique. The plastic index of the neat epoxy and nanocomposites results show
that the deformation of the neat epoxy and nanocomposites involved viscoelastic
deformation, which plastic deformation is dominated in epoxy-alumina nanocomposites
system.
Finally, the viscoealstic behavior of the neat epoxy and nanocomposites with
5wt% of 10nm platelet particle with PTSA modifier is investigated by using
nanoindentation technique. The semi-empirical model derived from a generalized Kelvin
Model (Appendix A) is used in this part of the study. The analysis method derived in this
study shows strong agreement with experimental observations, where the creep behavior
of the epoxy polymer changed with the loading of particles. The parameters derived from
the creep equation are further used to derive the creep compliance and time-dependent
modulus of the nanocomposites. These results show that the addition of particle has
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slowed down the creep rate of primary and secondary creep stages of the epoxy polymer.
In addition, the creep compliance J(t) is decreased whilst the time-dependent modulus
E(t) of the epoxy nanocomposites is found to gradually increase with addition of the
particles. This can be explained by the slippage and reorientation of the polymer chain
restricted in nanocomposites. The result also shows that the semi-empirical model shed
light of providing the basic understanding of the localized creep behavior of the
nanocomposites.
To conclude, this project has demonstrated a successful synthesis of a series of
epoxy-alumina nanocomposites with various particle shapes, sizes, surface modifiers and
particle percentage loading. The results suggest that the epoxy-alumina nanocomposites
show a remarkable improvement in mechanical properties and maintaining high optical
transparency. However, the details of optical property of the nanocomposites are not
studied in this work. Since the high transparency properties of epoxy-alumina
nanocomposites have potential for many applications, further research is recommended to
characterize the optical properties of epoxy-alumina nanocomposites.
During the dynamic-mechanical analysis study (DMA), we notice that the storage
modulus and the glass transition temperature of epoxy-alumina nanocomposites change
with the particles and surface modifier since the curing condition and ingredient used for
epoxy-alumina nanocomposites are consistent. Therefore, we believe that the change of
the storage modulus and the glass transition temperature are mainly due to few reasons
such as interaction between the surface modifier and epoxy, polymer chains movement
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and cross-linking density of nanocomposites. Thus, the chemistry interaction between the
surface modifier and epoxy should be considered in future. Furthermore, the fracture
surfaces of epoxy-alumina nanocomposites were observed using FESEM. The
reinforcement effects on nano-sized alumina particle such as the geometry, size and
surface modifier to the fracture mechanisms of each system are still not fully understood
and explored. Therefore, future research is recommended to investigate the effects of the
alumina particle on the toughening and strengthening behavior of nanocomposites in
more details. The viscoelastic behavior of nanocomposites is characterized with
nanoindentation experiments. The creep compliance is derived based on the fitting
parameters from indentation displacement-time curves. Although the results show that
the creep compliance is useful in determining the localized viscoelastic behavior of the
nanocomposites, future studies should attempt to verify the creep parameters with tensile
tests and the polymer structure characterizations.
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Appendix A
This appendix briefly describes the nanoindentation creep analysis based on the
Generalized Kelvin model. The detail of the model was developed by Yang, Zhang and
Zeng in their earlier work (S. Yang, Y.W. Zhang, K.Y. Zeng, Journal of Applied Physics
95 (2004) 3655-3666.), and only the necessary results and equations are presented here.
Fig.A.1 shows the generalized Kelvin model used for this analysis.
Figure A.1 Mechanical Model consisting of a series of dashpots with linear spring
(a) Two-element-Kelvin Model; (b) Generalized Kelvin Model
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First, let’s consider the indentation by a flat-ended punch indenter. From the
elastic solution of an indentation using flat-ended punch indenter, the relation of the load






















where R is the radius of the flat-ended tip indenter, E, e and e are the elastic modulus,
Poisson’s ratio of the material and stress on the spring respectively. Eq.(A.1) is rewritten







see KhP  (A.3)
where K is a constant related to the spring constant k. Eq.(A-3) describes the relation
between load and penetration depth of the spring. As for dashpot, the load and
displacement indented by flat-ended punch tip lead to,
dt
dhP vv  (A.4)
 is the constant of viscosity coefficient of the dashpot.
Based on the Kelvin Model,
ve PPP  (A.5)
By substitution of Eq.(A.3) and Eq.(A.4) into Eq.(A.5) followed by integration will result
in a new relation [Eq.(A.6)]. This model can be used to describe the viscoelastic creep
behavior for a linear material using flat-ended punch indenter.
204
 /0 1 Ktve eK
Ph  (A.6)
where veh is the indentation depth during creep process while 0P and t are the indentation
force constant for the creep test and creep time respectively. Again we would like to point
out that the above equations are analog to the creep equation derived from Kelvin model










 whereas hin is defined as the virtual length of indentation of polymeric material.
It is noted that besides the viscoelastic deformation [Eq.(A.6)], the primary creep
(instantaneous elastic deformation) and tertiary creep (viscous flow) also influence the
polymer creep. Therefore, the total displacement during nanoindentation hold should also
include the instantaneous elastic deformation, plastic deformation, viscoelastic
deformation and viscous flow. However, if we ignore the plastic deformation during the
punch indentation, the generalized Kelvin model represented by a series of two-element
Kelvin model [Fig.A.1(b)] can be used to describe the EVEV model. Thus, the total
































Where he is the indentation depth at the first spring and hi is the indentation depth at the i-
th Kelvin element, 0 represents a constant related to the viscosity coefficient of the last
dashpot and i is the retardation time at i-th element. Eq.(A.8) is similar to the creep
function from generalized Kelvin model except that is in the term of load and indentation
depth. Eq.(A.8) is used to fit the experimental data to obtain the individual parameters of
the equation. Eq.(A.8) is comparable with the creep equation obtained by tensile test. The
























where E and η represent Young’s modulus and viscosity coefficient respectively. For flat-
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
 (A.10)
Where hin is the virtual length during the indentation on the polymer materials and A0 is
the contact area at the end of the loading segment. Comparing Eqs.(A.8) and (A.10), we























0  (i=1 to n, i=0, η0=hinµ0) (A.12)
This model can be further applied to the indentation test using a sharp Berkovich tip; that
is, the basic Eqs.(A.7) to (A.10) can still be used for the sharp indentation case with slight
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modification.There are two major differences between the nanoindentation using flat-
ended punch as compared to that of Berkovich tip. Firstly, there is plastic deformation hp
during the loading and it is included in the measured total penetration depth from which it
should be subtracted from the total deformation in order to fit the nanoindentation curves
using Eq.(A.8). Secondly, the contact area of the sharp Berkovich tip changes with time,
thus modulus and viscosity coefficient of materials calculated from Eqs.(A.11) and
(A.12) will be changed with contact area. Fig.A.2 shows the schematic curve of the
loading/holding/unloading/holding/unloading during an indentation experiment. The
details of each segment have been summarized in Yang’s paper. Therefore, it will not be
discussed here.
Figure A.2 P-h curve of polymer material (Reproduced from Yang et al. J.App.Phys 95
(2003). 3655)
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It is well known that for any elastic–plastic materials under a sharp indentation,
the loading curve can be described as:
nChP  (A.13)
where C and n are constant related to the material properties. Point G in Fig. A.2 is the
sum of the plastic, viscoelastic, and viscous displacement of an unloading segment, hp-ve-v.
This point cannot be obtained experimentally, therefore Oliver and Pharr’s power-law
equation is used to approximate the indentation displacement at the point D instead,
 mDhhAP  (A.14)
where m and A are constants, and hD is the indentation displacement at point D in




























The plastic displacement therefore equals he-p - he, whereas the indentation displacement
at point G should be hp-ve-p = hmax – he. Since the contact area of Berkovich tip changes
with time; thus, modulus and viscosity coefficient determined from Eqs.(A.11) and
(A.12) will also change with the contact area [A0 is replaced by A(t)] in association with
the penetration of indenter tip into the materials. The modulus obtained during sharp
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indentation is therefore at the initial part of the creep; that is, at the beginning of the
maximum load holding. For the Berkovich tip, five exponential [Eq.(A.18)] is used to
effectively fit the nanoindentation curve of polymer. Eq.(A.18) demonstrates that creep of
polymer should include three parts of components, which are instantaneous displacement
he , resulting from the elastic deformation during loading, the viscoelastic deformation
controlled by the exponential terms, and the last one from viscous deformation during
creep. This model can fit the creep curves of the different polymers well for almost every
detail.
    mtehehhh tttte   21 /2/1 11 (A.18)
